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Cow’s milk allergy (CMA) is one of the most common food allergies with a 

prevalence of roughly 2-4.5% in infants [1]. Unlike the non-IgE mediated type, the IgE-

mediated CMA is less likely to be outgrown [2]. Following ingestion of a small amount 

of cow’s milk protein, sometimes within minutes but mostly within an hour IgE-

mediated CMA manifests symptoms including urticaria, angioedema, nausea, vomiting, 

diarrhea, rhino conjunctivitis, wheeze, or in severe cases life-threatening anaphylaxis. 

The prognosis of CMA was regarded as less serious when compared to the highly 

persistent peanut allergy, since 80% of the patients will naturally be resolved by the age 

of 4-year-old [3]. Nevertheless, a more recent study casted doubts on the early natural 

tolerance development and reported 40% of CMA cases persisted until the age of 5 [4]. 

Furthermore, CMA children suffering from CMA have a higher risk to develop asthma 

and other atopic diseases later on in their life [5]. To date, no treatment is 

recommended for CMA and the main guideline for the clinicians advises on cow’s milk 

avoidance and the use of suitable milk substitutes [6]. However, the guideline for strict 

allergen avoidance imposes psychological stress on CMA patients as well as their 

caretakes and compromises their quality of life [7]. Furthermore, allergen avoidance 

can be associated with a higher risk of allergy development due to failure to establish 

oral tolerance to allergenic proteins [8]. 

 

Oral tolerance was first defined in 1946 by Chase et al. [9] as an active inhibition of 

the antigen-specific immune response that is generated via oral pre-exposure to the 

same antigen. Breakdown of oral tolerance or failure of oral tolerance induction was 

hypothesized as a cause for food hypersensitivity [10]. Hence, oral tolerance induction 

is considered as a pivotal intervention approach for prevention of food allergy. Early life 

has been shown as a window of opportunity for the induction of oral tolerance for 

several allergenic food components. The gut forms the largest immunological organ in 

the body and is the gatekeeper protecting the host from pathogens, while facilitating 

immune non-responsiveness for harmless antigens such as food proteins [10]. The 

early-life development and maturation of the gut-associated lymphoid tissue (GALT) is 

regarded as a window of opportunity for the induction of oral tolerance using 

preventive strategies [11]. For instance, in the Learning Early About Peanut Allergy 

(LEAP) study published in 2015, it was shown that introduction of peanuts into the diet 

of high-risk infants between 4 to 11 months of age, effectively lowered prevalence of 

peanut allergy to 10.6% as compared to 35.3% of the avoidance group [12]. Similarly, 

ingestion of egg proteins by 4-6 months-old infants reduced their risk to develop hen’s 
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egg allergy [13]. Furthermore, an earlier timing for cow’s milk proteins introduction in 

the Enquiring About Tolerance (EAT) observational study, effectively protected the 

breastfed infants between 14 days to 3 months of age [14] were effectively protected 

against CMA development [14, 15]. Noteworthy, early introduction of cow’s milk 

proteins (i.e. whole whey protein) might provoke adverse allergic reactions in infants 

that have been sensitized after environmental exposure by the skin earlier [16]. This 

also necessitates early introduction of cow’s milk proteins via oral ingestion [16]. In case 

breastfeeding is not possible, cow’s milk formula or hydrolyzed formula milk might be 

given to the infants at high-risk of CMA development [17]. However, both formula milk 

did not effectively prevent CMA development [17]. Thus, the development of a safe and 

effective approach for CMA prevention is highly needed. 

 

To induce oral tolerance for cow’s milk proteins, T-cell recognition of the allergen-

derived T-cell epitopes is required. Noteworthy, cow’s milk consists of more than 25 

different proteins [18], among which only some are allergenic, namely caseins and whey 

proteins. In the whey fraction of CM, α-lactalbumin and β-lactoglobulin are the major 

allergens [19, 20]. Particularly, in the whey fraction, β-lactoglobulin (BLG) is one of the 

major allergenic proteins. In this regard, van Esch et al. [21] reported that oral pre-

exposure to the partially hydrolyzed whey protein prior to sensitization with whole 

whey protein, conferred protection of these mice against acute allergic skin reactivity 

upon intradermal challenge with whole whey protein. These whey hydrolysates contain 

multiple T-cell epitopes including those derived from α-lactalbumin and β-lactoglobulin. 

These small peptides may possess tolerance inducing capacities and can be further 

developed aiming to enhance the chances of developing oral tolerance for cow’s milk 

particularly in high-risk infants who are fed with these hydrolyzed formula milk.  

 

Far too often, environmental exposure of the newborns to cow’s milk proteins 

through the skin may induce sensitization [16] unbeknownst to their caretakers. 

Therefore, to avoid potential risk of these adverse reactions, safer and more effective 

allergy preventive approaches are urgently needed. Noteworthy, T-cell receptors can 

recognize peptides of 8-12 amino acids (AA) [22], whereas peptides of 35-AA or longer 

are capable of crosslinking two effector cell-bound IgE molecules [23], which then 

trigger degranulation of mast cells and mediate allergic symptoms [24]. Thus, many 

attempts have been proposed and investigated to select T-cell epitopes-containing 

peptides ranging from 9 to 35 AA to fulfill the demands for both T-cell recognition and 
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avoidance of adverse reactions. As an example, Meulenbroek et al. [25] selected a 

mixture of synthetic BLG-peptides of 18-AA based on their capacity to activate human 

whey responsive T-cell lines and studied their preventive effects against whey-

sensitizations in a prophylactic murine CMA model. In a follow up study, Kostadinova et 

al. [26] further identified four 18-AA long peptide sequences of the BLG protein that are 

effective in inducing oral tolerance against this protein in mice. Furthermore, these BLG 

derived peptides possess a reduced sensitizing capacity as compared to the intact BLG 

protein [27], likely because these peptides are too small to induce allergic symptoms 

and sensitization. Therefore, these peptides are potentially safe to be used for both 

prevention and treatment of children at risk for CMA, and might thus be added to infant 

milk formula. 

 

Notwithstanding their improved safety profile, these BLG derived peptides (BLG-

peptides) administered via oral route are susceptible to proteolytic degradation in the 

gastrointestinal tract which subsequently compromise their efficacy in tolerance 

induction. In light of these considerations, nanoparticles-based oral immunotherapy 

has gained increasingly attention for its efficacy in instructing allergen-specific 

tolerance [28-30]. Noteworthy, nanoparticles (NP) based on poly(lactic-co-glycolic acid) 

(PLGA) have been extensively investigated for development of oral vaccines [31, 32]. 

These particles protect the loaded peptides against enzymatic degradation in the GI 

tract [33-35]. Importantly, PLGA NPs can be taken up by antigen presenting cells (i.e., 

dendritic cells) and subsequently and ideally intracellularly release their content is a 

sustained manner. These particles also have a good safety profile and a number of PLGA 

based drug products have been approved by the FDA and EMA [31, 36, 37]. From a 

pharmaceutical point of view, it is remarked that the size of the particles can tailored 

for the aimed application by the formulation and processing conditions. Finally, the 

surface properties of PLGA NPs can modulated by decoration with e.g., PEG and 

targeting ligands to avoid non-specific uptake by cells and render can specific for the 

target cells [38, 39]. As a proof of concept, Kostadinova et al. [40] demonstrated using a 

mouse model that oral pretreatment with a mixture of PLGA NP loaded with two 

selected BLG-peptides and 2 additional soluble BLG-peptides lowered acute allergic skin 

repsonse to whole whey protein as compared to the Empty NP pretreated mice.  

 

Despite early-life development and maturation of the gut-associated lymphoid 

tissue (GALT) there is a window of opportunity for oral tolerance induction [11], since 
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the neonatal GALT is prone to development of Th2 immunity [41]. Therefore, 

environmental stimuli (i.e., intestinal microbial diversity) as Th1- and Treg- adjuvants 

are indispensable to skew away from allergic type 2 immunity. Nevertheless, improved 

hygiene conditions and use of antibiotics affect intestinal microbial diversity and 

commensal microbiota composition [42, 43]. Hanski et al. [42]and Stefka et al. [43] 

hypothesized that these changes  give rise to an immune imbalance leading to an 

increased risk in allergic disease development (i.e., food allergy). Bacteria and viruses 

are captured by APCs and their building blocks are degraded into small molecules and 

evolutionary conserved cellular structures like peptidoglycans, lipopolysaccharides (LPS) 

and bacterial DNA (pathogen-associated molecular patterns, PAMPs) which can be 

recognized via different type of pattern recognition receptors (PRRs) [44, 45]. In this 

regard, bacterial DNA rich in unmethylated cytosine-guanosine dinucleotides (CpG) act 

as Toll-like receptor-9 (TLR-9) agonists. These bind to and subsequently activate TLR-9, 

a receptor expressed on activated intestinal epithelial cells [46] or in endosomal 

compartments of human plasmacytoid dendritic cells (pDCs) [47] and B lymphocytes (B-

cells) [48, 49]. In particular, DCs play a crucial role in shaping immunity and tolerance 

[50]. Upon binding to TLR-9 in DCs, bacterial CpG motives activate the TLR-9 signaling 

cascade, which drives differentiation of the DCs. Matured DCs are able to instruct naïve 

T-cells to develop into effector cells such as T helper 1- (Th1) and a regulatory T-cell 

(Treg) response in case of functional shaping of DCs by CpG DNA [28, 51]. If these CpG 

primed DCs subsequently capture food antigens from the intestinal lumen, these 

antigens are presented by these DCs which may direct the allergen specific T-cell 

response towards a Th1 and/or Treg prone phenotype skewing away from the allergic 

Th2 phenotype. To exploit this Th1 and/or Treg skewing effect, synthetic CpG 

oligodeoxynucleotides (CpG-ODN) that contain unmethylated CpG-ODN motifs, 

mimicking the structure of bacterial CpG DNA [51], have been exploited as Th1- and 

Treg- adjuvants for PLGA NP loaded with allergens [28, 52]. Srivastava et al. [28] 

reported that oral immunotherapy using peanut extract loaded in CpG-ODN surface-

conjugated PLGA nanoparticles effectively protected peanut allergic mice from 

anaphylaxis and alleviated peanut-allergic phenotypes. Instead of surface conjugation 

of CpG-ODN, we aimed for an easier approach, namely, to co-encapsulate both the 

antigen and CpG-ODN into the PLGA nanoparticles to improve the allergen-specific oral 

tolerance induction efficacy. Henceforth, the allergen-specific tolerogenic outcomes in 

vivo and immunomodulatory effect of these PLGA NP loaded with peptide and/or CpG-
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ODN payload on the major antigen-presenting cells (i.e., dendritic cells), should be 

elucidated. 

 

Aim And Outline Of This Thesis 
This thesis aimed to develop PLGA NP for delivery T-cell epitope containing 

peptides and/or CpG-ODN for CMA prevention in vivo and to investigate the 

immunomodulatory effects mediated by these NP on a cellular level.  

 

Instead of a mixture of 4 selected BLG-peptides as reported previously [40], only two 

BLG-peptides were chosen for oral tolerance induction in mice. Chapter 2 describes the 

tolerance induction effect and dose-related effect of oral pre-treatments using the two 

selected BLG-peptides encapsulated PLGA nanoparticles in a prophylatic CMA murine 

model. The nanoparticles encapsulating the BLG-peptides were optimized in terms of 

NP size and BLG-peptides loading. The allergen-specific tolerogenic outcomes were 

evaluated for acute allergic skin response to whole whey protein, sera allergen-specific 

immunoglobulins, ex vivo allergen-restimulated cytokine release by splenocytes and 

percentage of different splenic T-cell subsets. 

 

In light of the relevance of environmental stimuli during allergen-exposure, co-

delivery of CpG-ODN as immune adjuvant may help to improve allergen-specific oral 

tolerance induction. Chapter 3 studies allergen-specific tolerogenic effect of the oral 

pretreatment using PLGA nanoparticles loaded with a selected BLG-peptide and/or 

CpG-ODN in the same prophylatic CMA murine model as used in Chapter 2. These PLGA 

nanoparticles were prepared with similar size and surface physicochemical properties 

using double emulsion solvent evaporation method. The allergen-specific tolerogenic 

outcomes were evaluated the same way as described in Chapter 2 and additional 

analysis of  surface expression of activation markers on dendritic cells from mesenteric 

lymph nodes and spleen. 

Dendritic cells (DC) as a major antigen presenting cell type, play a pivotal role in 

allergen-specific oral tolerance induction. Hence, investigation of the interaction 

between orally administered PLGA NPs loaded with BLG-peptides and dendritic cells 

may shed light onto the mechanism(s) via which PLGA nanocarriers promote oral 

tolerance induction. To this end, in Chapter 4 the intracellular trafficking of PLGA 

nanoparticles and the release of a loaded peptide in dendritic cells was studied using 
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Förster Resonance Energy Transfer (FRET) analysis. Donor dye (Cy3) conjugated BLG-

peptide and acceptor dye (Cy5) conjugated PLGA were synthesized and characterized. 

FRET NPs, consisting of the labeled polymer and peptide were prepared and optimized 

for size and FRET efficiency. The obtained FRET NPs were exploited to study their 

stability and integrity in a biorelevant simulated gastric fluid. Uptake of Pep-Cy3 loaded 

in PLGA-Cy5 NP by human monocytes derived dendritic cells (human moDCs) was 

studied via live imaging and quantified using flow cytometry. FRET was exploited to 

determine the intracellular fate of BLG-peptide encapsulated PLGA NP and the release 

of loaded peptide. 

 

Following in vivo study of antigen and/or class B-CpG-ODN loaded PLGA 

nanoparticles oral tolerance induction (in Chapter 3), comprehensive understanding of 

the adjuvant action of CpG-ODN in relation to the functional outcome of DC and T-cell 

interaction relevant for tolerance induction is warranted. Chapter 5 describes in vitro 

investigation of the immunomodulatory effects of different classes of CpG-ODN 

encapsulated PLGA nanoparticles on DC and their T-cell polarizing capacity using an 

allogeneic DC-T-cell model. After 2-days-incubation with the different NPs, surface 

expression of activation markers and cytokine release by the primed moDC were 

determined. The primed moDCs were co-cultured with allogeneic naïve T-cells for 5 

days and their T-cell priming capacity was investigated. 

 

Chapter 6 summarizes and discusses the findings of this thesis and provides future 

perspectives for development of PLGA nanoparticles-based approaches for prevention 

of early life cow’s milk allergy.  
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Abstract 
Background. 2-4% Of infants are affected by cow’s milk allergy (CMA), which 

persists in 20% of cases. Intervention approaches using early oral exposure to cow’s 

milk protein or hydrolyzed cow’s milk formula are being studied for CMA prevention. 

Yet, concerns regarding safety and/or efficacy remain to be tackled in particular for 

high-risk non-exclusively breastfed infants. Therefore, safe and effective strategies to 

improve early life oral tolerance induction may be considered. Objective. We aim to 

investigate the efficacy of CMA prevention using oral pre-exposure of two selected 18-

AA β-lactoglobulin derived peptides loaded poly (lactic-co-glycolic acid) (PLGA) 

nanoparticles (NPs) in a whey-protein induced CMA murine model. Methods. The 

peptides were loaded in PLGA NPs via a double emulsion solvent evaporation technique. 

In vivo, 3-week old female C3H/HeOuJ mice received 6 daily gavages with PBS, whey, 

Peptide-mix, a high or low dose Peptide-NPs, or empty-NP plus Peptide-mix, prior to 5 

weekly oral sensitizations with cholera toxin plus whey or PBS (sham). One week after 

the last sensitization, the challenge induced acute allergic skin response, anaphylactic 

shock score, allergen-specific serum immunoglobulins and ex vivo whey-stimulated 

cytokine release by splenocytes was measured. Results. Mice pretreated with high-

dose Peptide-NPs but not low-dose or empty-NP plus Peptide-mix, were protected from 

anaphylaxis and showed a significantly lower acute allergic skin response upon 

intradermal whey challenge compared to whey-sensitized mice. Compared with the 

Peptide-mix or empty-NP plus Peptide-mix pretreatment, the high-dose Peptide-NPs-

pretreatment inhibited ex vivo whey-stimulated pro-inflammatory cytokine TNF-α 

release by splenocytes. Conclusion & Clinical relevance. Oral pre-exposure of mice to 

two β-lactoglobulin derived peptides loaded PLGA NPs induced a dose-related partial 

prevention of CMA symptoms upon challenge to whole whey protein and silenced 

whey-specific systemic immune response. These findings encourage further 

development of the concept of peptide-loaded PLGA NPs for CMA prevention towards 

clinical application. 

ABBREVIATION 

CMA: cow’s milk allergy; BLG: β-lactoglobulin; PLGA: poly(lactic-co-glycolic acid) 
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Introduction 
Cow’s milk allergy is one of the most prevalent food allergies in newborns, afflicting 

an estimate of 1.8-7.5% of infants in the first year of life [1]. CMA infants show 

symptoms including atopic dermatitis, rhinitis, diarrhea and even anaphylactic shock 

upon ingestion of cow’s milk contaminated food. Currently, dietary avoidance remains 

as a major approach for CMA management [2]. Whereas, children with CMA tend to 

develop allergy to other mammalian milk proteins, due to their structural similarity with 

cow’s milk proteins and/or their atopic constitution [3]. Without appropriate 

substitutes for cow’s milk, inappropriate feeding can lead to nutritional deficiencies of 

CMA patients. Despite most children outgrow CMA by the age of 3-5 years, they are at 

a higher risk of developing other atopic diseases such as asthma and rhino-conjunctivitis 

[4]. Thus, early intervention to prevent CMA development is imperative for augmenting 

CMA patients and caregivers’ quality of life via alleviation of symptoms or acceleration 

of outgrowth of CMA. 

 

The Learning Early About Peanuts (LEAP) study showed early introduction of 

peanut to high-risk infants with eczema and/or egg allergy, starting from 4 to 11 months 

of age, predominantly induced allergen-specific oral tolerance and thus reduced the 

prevalence of peanut allergy [5-7]. These prevention effects were not found for CMA in 

the Enquiring About Tolerance (EAT) study [8]. Yet, an observational study reported a 

protective effect of introducing cow’s milk protein to infants within 14 days after birth 

[9]. Nonetheless, the potential risk of adverse reactions to cow’s milk protein presents 

as a challenge for the prevention of CMA, in particular in children at high inherited risk 

of developing allergies. Nowadays, partially (or extensively) hydrolyzed cow’s milk 

formulas are recommended for high-risk infants when breastfeeding is not possible. The 

partially hydrolyzed cow’s milk formulas may benefit primary prevention however these 

effects are inconsistent [2, 10, 11]. In previous studies, a mixture of 18-AA peptides 

derived from the cow’s milk allergenic protein β-lactoglobulin, which may function as T 

cell epitopes, were shown to induce oral tolerance to whole whey protein in mice [12, 

13]. These peptides may be added to enrich hydrolyzed infant milk formulas for non-

exclusively breastfed infants at risk, aiming to enhance oral tolerance induction for 

cow’s milk for the purpose of primary prevention. In the current study, we selected only 

two of these small peptides, which are too small to provoke symptoms, since they are 

unable to bridge two effector cell bound IgE molecules, hence preventing dimerization 

and mast cell degranulation [14]. However, they can still be presented in the MHCII 
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pocket of antigen presenting cells which allows them to provoke allergen specific T-cell 

responses. The T-cell receptor recognition of mixtures of nine 18-AA synthetic peptide 

sequences derived from β-lactoglobulin, was tested via their capability to induce human 

cow’s milk specific T cell activation [12]. Oral pre-exposure using four of the nine 

peptides prior to whole whey protein sensitization rendered oral tolerance to whey in 

a CMA mouse model [12]. However, due to proteolytic degradation in the 

gastrointestinal tract, oral pre-exposure to these peptides would require a large dose, 

which is associated with an instable protective effect. To tackle this issue, Kostadinova 

et al. [13] encapsulated two peptides derived from β-lactoglobulin in poly(lactic-co-

glycolic acid) nanoparticles (PLGA NPs) using four BLG peptides. The US Food and Drug 

Administration (FDA) approved PLGA as generally graded as safe (GRAS) polymer, which 

would allow further development of the approach for future human oral application. It 

is likely that the PLGA NP increase not only the survival of the peptides in the gastro-

intestinal tract but also the uptake by antigen presenting cells in the intestinal mucosa, 

while skewing the immune response from allergy prone T helper 2 (Th2) towards Th1 

and regulatory T cell responses [15, 16]. 

 

In this study, we aim to identify the tolerance induction efficacy of only two β-

lactoglobulin derived peptides encapsulated PLGA NPs in CMA murine model. To this 

end, NP size and encapsulation efficiency of these two selected β-lactoglobulin derived 

peptides loaded PLGA NPs were further optimized. In this study, we investigated oral 

tolerance induction efficacy and the underlying immunomodulatory mechanism of only 

two β-lactoglobulin derived peptides encapsulated in PLGA NP using two different 

dosages in a CMA murine model. 

 

Materials And Methods 
Peptides 

Two 18-AA-long sequential synthetic peptides, derived from chain B of β-

lactoglobulin, were purchased from JPT Peptide Technologies (Berlin, Germany). These 

two 12-AA overlapping β-lactoglobulin derived peptides are indicated as Peptide 3 and 

Peptide 4, spanning AAs 25-47 in B variant of β-lactoglobulin (Figure 1A). The peptides 

were encapsulated in PLGA with double emulsion solvent evaporation method as 

published previously [13], with applied adaptations to optimize NP size and increase 
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encapsulation efficiency of the peptide cargos. The detailed methods are described in 

the supplemental Materials and Methods section. 
 

 
Figure 1. Amino acids sequence of B variant of β-lactoglobulin (A). The two selected sequential peptides (Peptide 3 
and Peptide 4) used in the study were underlined and italicized. The bold amino acids sequence is the overlapping 
12 amino acids. In vitro release of Peptide 3 and Peptide 4 from PLGA NPs in PBS at 37℃ was conducted using 
cumulative method (B). Data is presented as mean ± SEM, n=3 per formulation. 

 

In vitro studies 

Culture of human monocytes-derived dendritic cells (moDCs) 

Freshly donated and condensed blood (buffy coat) (time between donation and 

experiments was 24 h at most) was obtained from Sanquin Blood Supply (Amsterdam, 

the Netherlands). Human monocytes were isolated and differentiated into human 

monocytes-derived dendritic cells (moDCs) using the method described in the study by 

Ayechu Muruzabal et al. [17] (see supplemental materials and methods for details).  

 

Stimulation of human moDCs and subsequent cytokine production 

On day 8 immature moDCs were used for co-incubation with peptide mix, Peptide-

NPs or empty-NP plus Peptide mix as described in the following sections respectively, 

LPS was used as a positive control for moDCs maturation. 5 × 105 cells in 500 μL RPMI 
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1640 medium (Sigma-Aldrich) / 10% FBS+ 1% penicillin /Streptomycin (Gibco, New York, 

USA) were pulsed with 100 ng/mL Lipopolysaccharide (LPS-EB Ultrapure, from E. coli 

0111:B4 strain, TLR4-based adjuvant, Invivogen, San Diego, USA), 0.4 mg/mL empty-NP, 

Peptide mix (containing 1.6 μg/mL Peptide 3 and 1.9 μg/mL Peptide 4), Empty NP plus 

Peptide mix (containing 1.6 μg/mL Peptide 3, 1.9 μg/mL Peptide 4 and 0.2 mg/mL empty 

NP), Peptide-NPs (containing 0.2 mg/mL Peptide 3-NP and 0.2 mg/mL Peptide 4-NP) for 

24 h at 37°C and 5% CO2 respectively. Subsequently, supernatants were collected for 

cytokine analysis. IL-10, IL-12p70, TNF-α and IL-6 were measured with human ELISA Kit 

(Invitrogen, Fisher Scientific, USA) in accordance with the manufacturer’s protocols. 

Human moDCs were washed to remove free nanoparticles and analyzed with flow 

cytometry. 

 

Flow cytometry 

First, human moDCs were stained with fixable viability dye eFluor 780 

(ThermoFisher Scientific, Waltham, USA) to exclude dead cells from analysis. No-

specific staining was excluded by incubating the cells with anti-human Fcγ Receptors 

(Human BD Fc Block™, BD Pharmingen™, San Jose, USA) in PBS / 1% BSA / 2% FBS for 

10 min in the dark at 4°C. For analyzing the percentage of moDC, cells were stained with 

CD11c-PerCP/eFluor 710 and HLA-DR-PE. To analyze the expression of costimulatory 

markers, cells were stained with CD80-FITC and CD86-PE/Cy7 (All from Invitrogen, 

Thermo Fisher Scientific, USA). Results were obtained with BD FACSCanto II flow 

cytometer (Becton Dickinson, Franklin Lakes, USA) and processed with FlowLogic 

software (Inivai Technologies, Mentone, Australia). 

 

In vivo study 

Animals 

3-Week old pathogen free female C3H/HeOuJ mice were ordered from Charles 

River Laboratories (Sulzfeld, Germany) and housed under standard conditions in the 

animal facility of Utrecht University. The work protocol was approved by the Animal 

Ethics committee of Utrecht University and the Center Commission for Animal use (CCD) 

with an approval number of AVD108002015262. Animal care and use in this study 

follows the guidelines of the Animal Ethics committee of Utrecht University. 

 



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 25PDF page: 25PDF page: 25PDF page: 25

Inhibition of CMA development in mice by oral delivered BLG-peptides loaded PLGA NP is associated 
with systemic whey-specific immune silencing 

 

25 | P a g e  
 

 
Figure 2. Schematic overview of the animal model for CMA prevention and different treatments per 

group. 

 

Oral tolerance induction, sensitization and challenge 

The CMA prevention murine model has been established previously by van Esch et 

al. [18]. To evaluate oral tolerance induction by Peptide-NPs, mice were randomly 

allocated into 7 groups (Figure 2) and received 6 consecutive daily oral gavage with 0.5 

mL PBS (Sigma-Aldrich, Steinheim, Germany) for Group 1 (sham) and 2 (whey-

sensitized), 50 mg whey protein (DMV International, Veghel, the Netherlands) for 

Group 3 (whey tolerant), 80 μg per Peptide 3 and 4 for Group 4 (Peptide mix), 18.7 mg 

empty-NP plus 80 μg per Peptide 3 and 4 for Group 5 (NP + Peptide mix/hi), 18.9 mg 

Peptide-NPs mixture (containing 80 μg per encapsulated Peptide 3 and 4) for Group 6 

(Peptide-NPs/hi), and 8.5 mg Peptide-NPs mixture (containing 40 μg encapsulated 

Peptide 3 and 4) for Group 7 (Peptide-NPs/low) (Figure 3). For oral gavage, the peptides 

and NPs were dissolved or dispersed respectively in 0.5 mL PBS per mouse. Two days 

after the last oral administration with the indicated pre-treatment, mice received 5 

consecutive weekly oral sensitizations with 20 mg whey plus 10 μg cholera toxin (CT; 

List Biological Laboratories, Inc. California, USA) as adjuvant in 0.5 mL PBS for Group 2-

7 to break oral tolerance for whey, and 10 μg cholera toxin in 0.5 mL PBS for the non-

sensitized mice in Group 1. Five days after the last oral sensitization, mice were 

intradermally and orally challenged with 10 μg or 20 mg whey respectively. The allergic 

response including acute skin response (Δ ear swelling thickness), body temperature 
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and anaphylactic shock core within one hour upon intradermal challenge were assessed. 

18 H after oral challenge, mice were anesthetized with isoflurane and euthanized. 

 

Evaluation of acute allergic response 

To evaluate the efficacy of the allergy prevention of the different pretreatments, 

the acute allergic skin response upon intradermal challenge with 10 μg whey protein in 

20 μL PBS was recorded as the primary outcome. The ear pinnae thickness of the mice 

was measured twice with a digital micrometer (Mitutoyo, Veenendaal, the Netherlands) 

before and 1 h after intradermal ear challenge with whey. Mice were under anaesthesia 

by inhalation of isoflurane prior to measurement of the ear pinnae and injection of 

whey. Δ Ear pinnae thickness is calculated by subtraction of the basal ear pinnae 

thickness as indicated in the following formula. Simultaneously, the anaphylaxis 

symptoms score was determined at 15 min and 1 h after intradermal challenge with 

whey according to Schouten et al. [19]. The evaluation of the acute allergic response 

was performed with the cage number concealed to avoid bias. 
Δ Ear pinnae thickness

= �����	� 
ℎ������ �� ����� �.� ��������� − �����	� 
ℎ������������ �.�.���������  

 

ELISA detection of serum Whey- and BLG-specific immunoglobulins 

Whey-specific and BLG-specific immunoglobulins were measured in the sera 

collected 18 h after oral challenge with whey using a previously reported method [20]. 

 

Cells isolation from spleen 

Splenocytes were isolated by sieving the spleens through 70 μm sterile cell 

strainers (Nylon, Falcon, Germany) and rinsed with 10 mL RPMI 1640 medium. To lyse 

red blood cells, 1 mL lysis buffer (155 mmol NH4Cl, 10 mmol KHCO3 and 0.127 μmol 

EDTA, filtered with 0.22 μm filter (Cellulose Acetate, Whatman™, GE Healthcare Life 

Sciences), was added into the splenocyte suspension and incubated on ice for 4 min. 

The lysis of red blood cells was stopped by addition of RPMI 1640 medium (Sigma-

Aldrich, Steinheim, Germany) supplemented with 10% FBS, 1% Penicillin /Streptomycin. 

The isolated splenocytes were resuspended in RPMI 1640 medium (Sigma-Aldrich) 

supplemented with 10% FBS, 1% Penicillin /Streptomycin on ice until use. 
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Ex vivo re-stimulation of splenocytes and cytokine measurements 

6×105 Splenocytes per well and suspended in 200 μL RPMI 1640 medium 

supplemented with 10% FBS + 1% Penicillin / Streptomycin were cultured in a round 

bottom culture plate, and the cells were stimulated with either 500 μg/mL whey protein 

(DMV International, Veghel, the Netherlands), or medium as control and cultured at 

37°C, 5% CO2. After 5-day stimulation with whey protein and medium, the supernatants 

were collected and stored at -20°C until further analysis. The cytokine concentrations 

in the collected supernatants were measured with mouse IFN-γ, IL-13, IL-5, IL-17A, IL-

10 or TNF-α ELISA kits (ThermoFisher), conforming to the ThermoFisher protocols. 

Absorbance was measured at 450 nm by a Benchmark plate reader (Bio-Rad, 

Veenendaal, the Netherlands). In addition, cytokine production were measured in the 

supernatant after 2-day ex vivo stimulation of splenocytes with 1 μg/mL anti-mouse 

CD3 antibody (eBioscience, ThermoFisher Scientific, USA) or medium as control and 

cultured at 37°C, 5% CO2. 

 

Statistical analysis 

The obtained in vivo data were analyzed with GraphPad Prism 8.0.1 software 

(GraphPad Software, San Diego, USA). For each statistical analysis, multiple 

comparisons were conducted for the selected pairs: the whey-sensitized group was 

compared to all the other groups and the Peptide-NPs/hi group was compared to all 

groups except the non-sensitized group. For data sets that were not normal distributed 

as indicated by the Kolmogorov-Smirnov test or the Shapiro-Wilk test, square root 

transformation was performed. One-way ANOVA followed by Bonferroni's post hoc test 

for selected pairs was performed. Otherwise, Kruskal-Wallis' non-parametric test 

followed by Dunn’s post hoc test for selected pairs was applied. Data are presented as 

mean ± SEM for n=9-10 per group except for the non-sensitized group (n=3) and the 

whey tolerant group (n=6). For correlation analysis of acute allergic skin response and 

sera immunoglobulins, nonparametric Spearman correlation coefficient test was 

conducted using GraphPad Prism 8.0.1 software. 

 

Results 
Characteristics of empty and BLG-derived Peptides loaded PLGA nanoparticles. 

Placebo and PLGA NPs loaded with BLG-derived Peptide 3 or 4 were prepared using 

a double emulsion solvent evaporation method. Empty NP, Peptide 3-NP and Peptide 
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4-NP had a close to neutral zeta potential and similar size of 280 ± 28, 287 ± 40 and 271 

± 30 nm respectively (Table 1). 18 Amino acids sequence of Peptides 3 and 4 were 

selected from the B variant of β-lactoglobulin protein (adapted from Meulenbroek et al. 

[12]) (Figure 1A). Both Peptide 3-NP and Peptide 4-NP were encapsulated with a high 

encapsulation efficiency of 78 ± 10 and 84 ± 7% respectively. Peptide 3-NP and Peptide 

4-NP has a loading capacity of 0.8 ± 0.1 and 0.9 ± 0.1% respectively. Peptide 3-NP and 

Peptide 4-NP showed no burst release in the in vitro release study (Figure 1B). Sustained 

release profiles of Peptide 3 and 4 from PLGA NP matrices were observed from 1-3 

weeks, showing a cumulative release of 68% and 85% respectively (Figure 1B). 
Table.1 Characteristics of Peptide 3-NP, Peptide 4-NP and empty NP (mean ± SD). 

 

Effect of BLG-derived peptides loaded NPs (Peptide-NPs) on human moDCs 

activation in vitro 

Figure 3A shows incubation of medium, LPS, Peptide-NPs, Peptide mix, or empty-

NP plus Peptide mix for 24 h did not affect cell viability. Figure 3B shows that incubation 

of immature human moDCs with Peptide-NPs, Peptide mix or empty-NP plus Peptide 

mix did not influence HLA-DR expression on. As for human moDCs maturation, pulsing 

immature human moDCs with Peptide-NPs, Peptide mix, or empty-NP plus Peptide mix 

did not induce an increase in surface expression of costimulatory molecules CD80 or 

CD86 compared to the medium control, whereas positive control LPS induced a 

significant higher surface expression of costimulatory molecules CD80 and CD86 on 

moDCs than the other groups (Figure 3C-D). MoDCs incubation with LPS elicited a 

significant increase in production of IL-12p70, IL-10, TNF-α and IL-6 compared to 

medium controls (Figure 3E-H). Compared to the medium treated group, moDCs co-

incubated with empty PLGA-NP also showed a higher cytokine release of IL-12p70, IL-

10 and TNF-α. However, this effect was lost when the moDCs were incubated with 

empty PLGA-NP plus free peptides or the peptide encapsulated-NPs. The free peptide 

mixture did not provoke cytokine release by moDCs (Figure 3-H). 

Nanoparticles 
(NP) 

Z-Ave (nm) PDI Zeta potential 
(mV) 

Encapsulation 
efficiency (%) 

Loading capacity 
(%) 

Empty NP (n=6) 280 ± 28 0.13 ± 0.07 -1.3 ± 0.2 NA NA 
Peptide 3-NP 

(n=4) 
287 ± 40 0.13 ± 0.10 -1.1 ± 0.1 78 ± 10 0.8 ± 0.1 

Peptide 4-NP 
(n=4) 

271 ± 30 0.11 ± 0.01 -1.1 ± 0.1 84 ± 7 0.9 ± 0.1 
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Figure 3. Effect of Peptide-NPs, Peptide mix, empty NP and Peptide mix plus empty NP on human moDCs activation 
in vitro. After incubation of human moDCs with medium, LPS, Peptide mix, empty NP, Peptide mix plus empty NP or 
Peptide-NPs for 24 h, cell viability (A), % MHC class II expression by human moDCs (B) and surface expression of co-
stimulatory molecules in HLA-DR positive moDCs (C-D) were evaluated by flow cytometry. IL12p70 (E), IL-10 (F), and 
pro-inflammatory IL-6 and TNF-α (G-H) concentrations were measured in the supernatant. Data are presented as 
mean ± SEM for n=3 independent experiments per group. Comparison between medium and the other groups were 
analyzed with one-way ANOVA followed by Bonferroni's post hoc test for selected pairs for (A-D), after square root 
transformation for (E), (G) and (H) and after log transformation for (F).*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Oral pre-exposure to BLG peptides loaded PLGA nanoparticles dose-dependently 

induces allergen-specific oral tolerance for whole whey protein 

The acute allergic skin response of mice from all groups was measured prior to and 

1 h upon i.d. challenge in the ear pinnae with whole whey protein (Figure 4). Notably, 

the PBS-pretreated whey-sensitized group showed a significantly increased acute skin 

response when compared to the non-sensitized group (***P<0.001), while whole whey-

pretreatment largely prevented allergic symptoms indicating oral tolerance induction 

in this whey-tolerant group. A significant alleviated acute allergic skin response was 

observed in the high dose Peptide-NPs pretreated group (*P<0.05) compared to the 

whey-allergic mice, the high dose free Peptide mix group and also the low dose of 

Peptide-NPs group. The latter two interventions were unable to prevent allergy 

development. However, also the pretreatment with empty-NP plus high dose free 

Peptide mix tended to reduce the acute allergic skin response in comparison to the 

whey allergic group, albeit this effect was not significant. 
 

Figure 4. Acute allergic skin response and anaphylaxis score. Five days after last sensitization, mice were i.d. 
challenged in the ear pinnae with 10 μg whey followed by oral challenge. The acute allergic skin response was 
measured 60 min afterwards (A), and signs of anaphylaxis were scored after 15 min (B) and 60 min (C). Data are 
presented as mean ± SEM for n=9-10 per group except for the non-sensitized group, n=3 and whey tolerant group, 
n=6. (A) is analyzed by one-way ANOVA, followed by Bonferroni's post hoc test for selected pairs; (B) and (C) are 
analyzed with Kruskal-Wallis' non-parametric test, followed by Dunn’s post hoc test for selected pairs. *P<0.05, 
**P<0.01, ***P<0.001. CT, Cholera toxin. 

 

Anaphylactic shock scores of the mice were recorded 15 min and 60 min upon 

intradermal challenge with whole whey protein. As a result, the whey-sensitized mice 

showed a significant higher shock score than the other groups 15 min after the 

challenge. After 60 min, all the non-sensitized mice and whey-tolerant mice scored 0 

for anaphylaxis, while the observed mice with highest shock score 3 were from the 

whey-allergic and the empty-NP plus high dose Peptide mix pretreated group. The 

maximum shock score in the high-dose Peptide-NPs group was 1. 
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Figure 5. Whey- and BLG-specific serum immunoglobulins levels. Whey- (A-C) and BLG-specific (D-F) IgE, IgG1 and 
IgG2a levels are measured in sera, which were collected 18 h after last oral challenge with whey in mice from all 
groups. Data are presented as Tukey box- and-whisker plots for n=9-10 per group except for the non-sensitized group, 
n=3 and whey tolerant group, n=6. (A-F) are analyzed with the Kruskal-Wallis non-parametric test, followed by Dunn's 
post hoc test for selected pairs; *P<0.05, **P<0.01; BLG, β-lactoglobulin; CT, Cholera toxin.  
 
Whey-specific and BLG-specific serum immunoglobulins 

To investigate the influence of the pretreatments on the humoral immune 

response to whole whey protein or BLG, whey specific- and BLG specific-

immunoglobulins were measured in the sera collected 18 h after oral challenge with 

whole whey protein. The whey-sensitized group showed a significant higher level of 

whey specific-IgG1 and BLG specific-IgG1 in comparison to that of the non-sensitized 

group (Figure 5B and E). Even though the different pre-treatments modified the pattern 

of immunoglobulin release similar to the effects shown on the ear swelling response, 

no significant results were obtained. 

 

Cytokine production by splenocytes upon ex vivo re-stimulation with whey 

Upon ex vivo whey re-stimulation, the general pattern of the cytokine secretion 

levels of IFN-γ, IL-13, IL-10 and TNF-α was not significantly different between the non-

sensitized, whey-sensitized and whey tolerant group (Figure 6A-D) (for full data set see 

supplemental Figure S3). However, the high dose Peptide-NPs pretreated group 

showed  

 



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 32PDF page: 32PDF page: 32PDF page: 32

 
CHAPTER TWO 

 
 

32 | P a g e  
 

 
Figure 6. Cytokine production after ex-vivo re-stimulation of splenocytes with whole whey protein. Splenocytes 
were ex vivo re-stimulated either with whole whey protein for 5 days, Th1- (A), Th2- (B), regulatory (C) and 
proinflammatory (D) associated cytokines were measured in supernatants; Data are presented as mean ± SEM for 
n=9-10 per group except for the non-sensitized group, n=3 and whey tolerant group, n=6. (A)-(D) are analyzed with 
one-way ANOVA followed by Bonferroni's post hoc test for selected pairs, after log transformation for (A-C) and after 
square root transformation for (D); *P<0.05, **P<0.01, ***P<0.001; CT, Cholera toxin. 

 

low levels of IL-13, IL-10 and TNF-α release. Similar to the anti-CD3 stimulated groups 

(supplemental Figure S4A-D), the high dose Peptide-NPs pretreated group showed 

significantly lower whey-stimulated TNF-α release than the whey sensitized mice 

(**P<0.01) as well as the high dose free Peptide mix (***P<0.001), and the empty-NP 

plus high dose Peptide mix (**P<0.01). In addition, whey and anti-CD3 induced 

secretion of IL-5 and IL-17A by splenocytes were measured (supplemental Figure S5A-

D). 
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Discussion 
CMA is one of the first allergies to develop early in life and disrupts the quality of 

life of newborns and their caretakers. Gut-associated lymphoid tissues (GALT) have 

been regarded as an ideal site for oral tolerance induction, as intestinal dendritic cells 

in the GALT can take up the oral administered antigens and present to T cells in the 

Peyer’s patch and mesenteric lymph nodes to generate systemic immune tolerance [14, 

21-25]. Therefore, our study investigated and confirmed the early life allergen-specific 

tolerance induction effect in a murine CMA prophylatic model via oral pre-exposure to 

only 160 μg encapsulated two selected 18-AA β-lactoglobulin peptides in PLGA 

nanoparticles. 

 

Previously, Kostadinova et al. [13] reported oral delivery of 4 selected 18-AA β-

lactoglobulin derived peptides (40 μg per Peptide), namely Peptide 1 and 2 mix plus 

PLGA nanoparticles encapsulated Peptide 3 and 4, effective in modulating mucosal 

immunity by increase in ex vivo whey stimulated TGF-β release by intestinal lamina 

propria cells. The current study only made use of the two selected Peptide 3 and 4 

loaded PLGA NPs, which were further optimized in terms of NP size, encapsulation 

efficiency and in vitro release profile. The NP size of ~280 nm (Table 1) is smaller than 

the previous mean NP size of 320 nm [13], facilitating penetration through the mucus 

and cellular uptake by intestinal M-cells or enterocytes [26, 27]. In addition, the 

encapsulation efficiency of Peptide 3 in PLGA nanoparticles has now been improved 

from 30% in the previous study [13] to 78% in the present study. In vitro release study 

of Peptide 3-NP and Peptide 4-NP in PBS showed no burst release and a lag phase of 7 

days, followed by a sustained release from week 1 to 3, which is likely resulting from 

hydrolysis of the PLGA polymeric matrix [28]. This observed absence of burst release of 

Peptide 3-NP is likely to be attributed to sufficient washing procedures and/or absence 

of porosity in the lyophilized Peptide-NPs, confirming the successful and improved 

encapsulation of these two peptides. 

 

In vitro cellular uptake of empty PLGA NP by murine bone marrow derived dendritic 

cells and human moDCs was reported previously [13, 29]. In vitro, we found human 

moDCs remained immature phenotype upon stimulation with Peptides-NPs, showing 

no upregulation of surface expression of co-stimulatory molecules CD80/CD86.This 

immature human moDCs is often regarded as a prerequisite for tolerance induction. As 

reported, the CD80low/CD86low human immature dendritic cells have the potential to 
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induce tolerance by promoting differentiation of naïve T cells into Treg cells after 

repetitive stimulation under steady conditions [30-32]. Furthermore, empty NP induced 

a small increase of Th1, pro-inflammatory and regulatory associated cytokines, namely 

IL-12p70, TNF-α, and IL-10 release by human moDC. Remarkably, this phenomenon was 

abolished when the moDCs were pulsed with co-administration of the two BLG peptides 

plus PLGA nanoparticles. This neutralization effect for Th1 associated cytokine IL-12p70 

release, but not TNF-α release, was also found when pulsing BMDC with Peptide 1, 3 

and 4 loaded PLGA NP in a previous study. It is not unlikely that the previously reported 

in vivo Th1 and Th2 immune silencing effect of Peptide 4, neutralized the Th1 skewing 

effect of the PLGA nanoparticles [12]. Yet, future studies are warranted to confirm this 

hypothesis. 

 

In this study, the oral pre-exposure to a relatively low required dose (160 μg) of 

Peptide 3 and 4 loaded PLGA NPs (160 μg) and short duration (6 days) prior to whey 

sensitizations, significantly reduced the acute allergic skin response upon intradermal 

whole whey protein challenge. The dose of peptides used in the current study is very 

small as compared to the 4 mg per Peptide 3 or 4 in the previous murine prophylatic 

CMA study by Meulenbroek et al. [12]. 

 

Previous studies showed PLGA nanoparticles exert a Th1 adjuvant effect, but PLGA 

NP alone did not protect against allergy development [13, 33]. However, simultaneous 

presence of PLGA NPs and antigen may have facilitated allergen-specific tolerance 

concomitantly. As reported previously [34-36], nanoparticles of approximately 200 nm 

or less can efficiently diffuse into the lymphatic system and be internalized by dendritic 

cells, which may account for the observed improved tolerance induction effect in our 

study. 

 

Consistent with a previous study by Kim et al. [22], this observed preventive effect 

is dose-dependent, since the dosage of 40 μg per encapsulated peptide in PLGA NP did 

not protect against allergy development. Although oral pre-exposure to high dose of 

Peptide-NPs, prior to whey sensitization, did not lower whey- and BLG-specific IgE, IgG1 

and IgG2a compared to the whey allergic group. A similar declining pattern in 

immunoglobulin levels comparable to the skin response was observed. In accordance 

with the previous study [19], the acute allergic skin response and whey- and BLG-

specific IgE, IgG1 and IgG2a levels were positively correlated (supplemental Figure S1), 
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connecting the intensity of allergic sensitization and the outcome of the effector 

response. 

 

In contrast to previous findings of regulatory T-cells development induced by PLGA 

NP [16], the frequency of the systemic Treg, as well as CD4+ cells, Th1 and Th2 subsets 

in splenocytes remained unaffected in the current study (supplemental Figure S2). 

However, oral pre-exposure to PLGA NP, with or without peptides incorporation, 

attributed to an increasing pattern of mRNA expression of regulatory cytokine IL-10 in 

middle intestines after oral whey challenge (supplemental Figure S6). Regulatory 

cytokines, such as IL-10, and its increased intestinal expression were found associated 

with allergy protection. 

 

Despite no significant decrease observed, the high dose Peptide-NPs pretreatment 

maintained a relative low ex vivo whey stimulated IL-13 and IL-10 release by splenocytes 

compared to the whey-sensitized group. Furthermore, the high dose Peptide-NPs 

pretreatment, but not the low dose counterpart, significantly reduced the whey-

stimulated TNF-α release, indicating allergen specific immune silencing was established 

in a dose-dependent manner. TNF-α is principally associated with Th1 mediated 

inflammation [37], but also plays a key role in enhancing Th2-polarizing cytokines 

release and antigen-specific IgE production [38, 39]. Indeed, the silencing of ex vivo 

whey-stimulated TNF-α release by splenocytes suggests the systemic 

immunomodulatory effect of oral pre-exposure to Peptide-NPs, in association with the 

observed ameliorated acute allergic skin response. 

 

Only the high dose Peptide-NPs, but not empty NP plus equal amount of free 

Peptide mix, showed high efficacy in immune silencing and significant antigen-specific 

suppression of TNF-α as compared to the whey-sensitized group. This further 

underlines the relevance and importance of the finding that the high dose of Peptide-

NPs (80 μg per peptide) is capable of largely protecting against whole whey sensitization. 

Furthermore, it has highlighted the superiority of PLGA NP encapsulated peptides over 

the treatment with peptides that were co-delivered with PLGA NP, which may be 

attributed a more potent immunomodulatory effect by the antigen-encapsulated PLGA 

nanoparticles as was also reported by Gu et al. [40]. Indeed, previous studies have 

shown peptide 3 to be able to activate human T-cells and it also was predicted in silico 

to be presented by human MHCII (HLA-DRB1) [41]. Future studies are needed to confirm 
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in vivo presentation of the PLGA nanoparticles delivered peptides in the MHCII cleft of 

the DC and the generation or deletion of T-cells recognizing peptides 3 or 4. 

 

Our findings in the dose-dependent tolerance induction effect of the peptide 

encapsulated PLGA nanoparticles are consistent with the previous studies [42, 43], 

suggesting different mechanisms of oral tolerance involved for low and high dose of 

oral administered antigens. As reported, deletion of antigen reactive Th1 and Th2 cells 

induced by high dose of oral administered antigens, is abolished when using a lower 

antigen dosage. Instead, a lower dosage of oral administered antigens showed an active 

suppression by increasing antigen-stimulated IL-10 release [43]. Nevertheless, the high 

dose Peptide-NPs group showed both lower ex vivo generic T-cell receptor anti-CD3 

stimulated regulatory and inflammatory associated cytokine production, IL-10 and TNF-

α, than the whey-sensitized group (supplemental Figure S4) and lowered whey-

stimulated TNF-α release, while maintaining low levels of whey-specific IL-13, IFN-� and 

IL-10. We hypothesize that the underlying mechanism by which Peptide-NPs mediated 

this immune silencing differs from the mechanism by which whole whey protein 

facilitated tolerance induction. In the whey-tolerant group the regulatory IL-10 

secretion remained unaffected high whereas TNF-α secretion was low, hence shifting 

the immune balance in favor of the regulatory response which may have dampened 

allergic sensitization and clinical symptoms. Similarly, the low dose Peptide-NPs also 

showed this pattern, but in this group the IFN-� and IL-13 release tended to increase. In 

contrast to whey pre-treated mice, the low dose Peptide-NPs pretreatment did not tend 

to lower the whey-immunoglobulin levels. Therefore, the T-cell modulatory effect in 

the low dose Peptide-NPs may have been insufficient to affect allergic sensitization and 

whey induced symptoms. Collectively, the high dose Peptide-NPs (160 μg) or 50 mg 

whey protein showed similar reduction in acute allergic skin response but disparate 

whey stimulated cytokine release pattern, indicating a different tolerance induction 

mechanism. 

 

Ultimately, the current study indicates full tolerance induction/ immune silencing 

for whole whey protein at the level of the T-cells, while using only 160 μg two small 

peptides derived from β-lactoglobulin. This may be accomplished if these peptide 3 or 

4 sequences consist of immunodominant epitopes of whey proteins, when processed 

and expressed in MHCII by DC and presented to the T-cells. The small required dose of 

these BLG peptides may be attributed to the prolonged retention time of the PLGA NP 
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encapsulated peptides in dendritic cells as reported in previous studies [33, 44, 45]. 

Furthermore, the BLG peptides as well as PLGA nanocarriers have been shown to 

instruct regulatory T-cell development in vivo and in the in vitro studies [12, 16]. We 

hypothesize that the two PLGA nanoparticles encapsulated BLG peptides may instruct 

a tolerogenic DC phenotype, presenting the antigen via their MHC class II, which 

contributes to the immune silencing effect at the T-cell level even for whole whey 

protein either in an epitope specific fashion or via bystander suppression. 

 

Silencing of the T-cell response may consequently suppress the generation of whey 

and BLG specific IgE/IgG1, but here no statistical significance was observed. Allergen 

specific B-cell selection occurs via direct binding of the allergen to the B-cell receptor. 

B-cells may therefore be responsive to a broader/different spectrum of epitopes (B-cell 

epitopes) as compared to T-cells. Hence, to further improve tolerance induction also at 

the level of the B-cells, supplemental addition of other whey/BLG epitopes may help 

which needs to be addressed in future studies. 

 

In summary, this study has proven that oral delivery of only two BLG peptides 

encapsulated in PLGA NP is effective in partial oral tolerance induction for whole whey 

protein in a dose dependent manner. Our findings substantiate PLGA NP encapsulation 

of the peptide cargo as a relevant strategy for optimal antigen-specific oral tolerance 

induction. Oral pretreatment with BLG peptides loaded PLGA NP might be a promising 

CMA prevention strategy, circumventing the potential adverse effect for children at 

high risk of CMA while enhancing the chance to develop oral tolerance, that warrants 

further clinical validation. For future study, incorporation of additional BLG epitopes 

and a Th1 and Treg skewing adjuvant may further optimize the tolerance induction 

effect of the current preventive approach or for development of therapeutic purposes. 
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Supporting Information 
Materials and Method 
Preparation of empty NP and peptides loaded NPs. 

A double emulsion solvent evaporation method was incorporated to prepare both 

empty, peptide 3 and peptide 4 loaded PLGA NPs. Briefly, 1.6 mg peptide (Peptide 3 or 

Peptide 4 separately) was dissolved in 3 mL internal aqueous phase containing 95% 

milli-Q water, 5% acetonitrile (ACN, HPLC grade, Sigma-Aldrich, Steinheim, Germany) 

and 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich, Steinheim, Germany). The dissolved 

peptide was added to 30 mL anhydrous dichloromethane (DCM, Biosolve BV, 

Valkenswaard, the Netherlands), containing 5% w/v uncapped PLGA (lactide/glycolide 

molar ratio 50:50, 0.32 - 0.48 dl/g) (PURASORB PDLG 5004A, Corbion, the Netherlands), 

and the mixture was sonicated using a Sonifier S-450A (3 mm, Branson Ultrasonics B.V., 

Soest, the Netherlands) at 10% amplitude for 1 min on ice bath to yield a water-in-oil 

emulsion. Subsequently, the formed water-in-oil emulsion was added to 30 mL external 

aqueous phase, containing 3% w/v polyvinyl alcohol (87-90% hydrolyzed, Mw 3,000-

70,000 Da, Sigma-Aldrich, Steinheim, Germany) and 0.9% w/v NaCl, and the obtained 

mixture was sonicated using a Sonifier S-450A (first 3 mm, then 13 mm, Branson 

Ultrasonics B.V., Soest, the Netherlands) at 10% amplitude for 1 min on ice bath to yield 

a water-in-oil-in-water emulsion. Finally, the formed emulsion was subjected to 

agitation for 3 h at room temperature to evaporate DCM and to obtain hardened PLGA 

NPs. The nanoparticles suspension was centrifuged at 20,000×g for 30 min at 4℃ and 

the obtained pellet was washed with 20 mL milli-Q water twice prior to lyophilization 

using a freeze dryer (Buchi Lyovapor L-200, Hendrik-Ido-Ambacht, the Netherlands). 

 

Characterization of PLGA NPs  

One milligram lyophilized empty and peptide loaded NPs were suspended in 2 mL 

10 mM HEPES buffer (pH 7.4) for characterization of nanoparticle size, polydispersity 

index (PDI) and Zeta-potential with Zetasizer Nano S (Malvern Instruments, Malvern, 

UK) and Zetasizer Nano-Z (Malvern Instruments, Malvern, UK) respectively. 

The encapsulation efficiency of peptides 3 and 4 was determined as described 

previously [13]. In detail, 10-20 mg lyophilized nanoparticles were accurately weighed 

and dissolved in 0.8 mL DCM, facilitated with sonication for 40 min. Subsequently, 1 mL 

5% ACN/0.1% TFA aqueous solution per 10 mg nanoparticles was added to extract the 
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loaded peptide from the DCM phase under agitation at 41℃ for 3 h to evaporate DCM. 

Afterwards, the obtained aqueous solution was filtered using 0.2 μm RC syringe filter 

(Phenomenex, CA, USA) prior to Acquity Ultra Performance Liquid Chromatography 

(UPLC) analysis. The peptide content in the obtained filtered aqueous phase was 

measured with UPLC using a BEH C18 1.7 μm column (Waters, MA, USA) and UV 

detection at 210 nm. A gradient elution method was used with a mobile phase A (0.1% 

TFA, 5% acetonitrile and 95% H2O) and a mobile phase B (0.1% TFA and acetonitrile). 

The eluent changed linearly from 20% mobile phase B to 40% mobile phase B in 6 min 

with a flow rate of 0.25 mL/ min at 25℃. 

 

Peptide standards (1-100 μg/mL, 7.5 μL injection volume) dissolved in mobile phase 

A were used for calibration. Encapsulation efficiencies (EE) of peptides in PLGA NP are 

reported as the amount of encapsulated peptides divided by the total amount of 

peptides used for the preparation of the peptides loaded NPs. Loading capacity[46] of 

peptides in PLGA NP are reported as weight of the encapsulated peptides divided by 

the weight of the peptides loaded NPs. Calculation of encapsulation efficiency and 

loading capacity are indicated as the following equations: 

Encapsulation Efficiency (%) = !"#$&' #* +&,-/0$1-'+2 /+/'32+0
!"#$&' #* *++2 /+/'32+0 $0+2 *#4 &-&#/-4'3,1+0 /4+/-4-'3#& ×100% 

Loading Capacity (%) = !"#$&' #* +&,-/0$1-'+2 /+/'32+0
!"#$&' #* &-&#/-4'3,1+0 × 100% 

 

In vitro release of peptide 3 and 4 from PLGA NPs 

The release of the peptides from the PLGA NP was determined as follows. Around 

10 mg peptide-loaded PLGA NPs were accurately weighed in triplicate, prior to 

suspension in 1 mL phosphate saline buffer (PBS, pH 7.4) / 0.06% w/v sodium azide 

(NaN3, Sigma-Aldrich, Steinheim, Germany) (release buffer) and incubation at 37°C on 

a nutating mixer. At different time points, samples were spun down at 20,000×g at 4°C 

and 500 μL supernatant was withdrawn for UPLC analysis using the method as described 

in section of characterization of PLGA nanoparticles. Next, 500 μL of fresh release buffer 

was added, the pelleted NPs were resuspended and the samples were further incubated 

at 37°C on a nutating mixer. The percentage of released peptide was calculated based 

on the loaded amount [13]. 
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Flow cytometry 

Approximate 8×105 isolated splenocytes resuspended in 135 μL PBS were pipetted 

into the wells of a 96-well falcon plate. Cells viability was determined by staining with 

fixable viability dye eFluor™780 (ThermoFisher). Nonspecific binding sites were blocked 

by incubation with anti-mouse CD16/CD32 (Mouse BD Fc block; BD Pharmingen San 

Jose, CA USA) for 5 min. For extracellular staining of Th1/Th2 and Treg, cells were 

incubated with CD4-BV510 (BioLegend, San Diego, CA, USA), CD69-PE/Cy7 

(ThermoFisher), T1ST2-FITC (MD Biosciences, Oakdale, MN ,USA), CXCR3-PE 

(ThermoFisher), CD25- PerCP/eFluor710 (ThermoFisher), and CD127-PE/Vio770REA 

(Miltenyi Biotec, Bergisch Gladbach, Germany). For intracellular staining of Th1/Th2 and 

Treg, cells were first fixed and permeabilized with FoxP3/Transcription Factor Staining 

Buffer Set (ThermoFisher), Tbet-Alexa Fluor647 (BioLegend), Gata3 PerCP-eFluor710 

(ThermoFisher) and FoxP3-FITC (ThermoFisher). Cells were analyzed with BD 

FACSCantoII flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Data analysis 

was conducted with FlowLogic software (Inivai Technologies, Mentone, VIC, Australia). 

 

qPCR analysis of mRNA expression in middle intestine 

Middle intestine samples (1 cm) from the mice sacrificed after blood sampling were 

washed with (Sigma-Aldrich, Steinheim, Germany)  and collected in RNAlater 

(Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) and stored at -20°C. mRNA 

isolation from the collected middle intestine samples was performed with RNeasy Mini 

Kit (Qiagen, Venlo, the Netherlands) according to the manufacturer’s protocol. DNA was 

digested by using the On-column RNase-Free DNase Set (Qiagen, Venlo, the 

Netherlands). cDNA synthesis was performed with iScriptTM cDNA Synthesis Kit (Bio-Rad, 

Switzerland) in accordance with the manufacturer’s instruction. Quantitative analysis 

was performed on a CFX96 real-time PCR detection system by using an iQ SYBRTM Green 

PCR supermix (Bio-Rad, the Netherlands). Commercial primers for T-box transcription 

factor 21 (Tbet), Gata3, Tgfβ1 and IL-10 were used (Qiagen, Venlo, the Netherlands). 

Ribosomal protein S13 (Rps13) (Qiagen, Venlo, the Netherlands) was used as reference 

gene for all the other genes of interest. The mRNA level was analyzed with CFX Manager 

software and corrected as 100*2^(Rps13-gene of interest).[47] 
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Culture of human monocytes-derived dendritic cells (moDCs) 

25 mL Fresh human blood was diluted with the same volume of DPBS (Dulbecco’s 

Phosphate Buffered Saline, Sigma-Aldrich) / 2% FBS (Fetal Bovine Serum, Sigma-Aldrich) 

at room temperature and transferred slowly into Leucosep tubes (VWR, Radnor, 

Pennsylvania, USA), followed by centrifugation for 13 min at 1000×g at room 

temperature with slow acceleration and slow deceleration. Subsequently, the interface 

containing the PBMC (peripheral blood mononuclear cell) was washed with 50 mL PBS/ 

2% FBS for 4 times until the supernatant was clear. Next, the lysis of red blood cells in 

the PBMC fraction were started  by addition of 5 mL lysis buffer (8.3 g/L NH4Cl, 1 g/L 

KHCO3 and 37 mg/L EDTA, filtered using a sterile 0.2 μm syringe filter (Cellulose Acetate, 

Whatman™, GE Healthcare Life Sciences)) for incubation on ice for 4 min and stopped 

by addition of 45 mL PBS + 2% FBS prior to centrifugation at 1200 rpm at 4°C for 5 min. 

The obtained PBMC suspension was used for monocytes isolation using negative 

selection with human Monocyte Isolation Kit II (Miltenyi Biotec B.V. & Co. KG, USA) and 

MACS column and MACS separator (Miltenyi Biotec B.V. & Co. KG, USA). 1×106 Cells per 

mL monocytes per donor were cultured in the presence of 100 ng/mL human IL-4 

recombinant (Prospec, Rehovot, Israel) and 60 ng/mL recombinant human GM-CSF 

(granulocyte macrophage colony-stimulating factor) (Prospec, Rehovot, Israel) to 

induce differentiation into immature monocytes derived dendritic cells (moDCs) in 6-

well suspension culture plates (Greiner Bio-one, Solingen, Germany) and incubated at 

37°C and 5% CO2. After every 3 days, half of the medium was withdrawn and replaced 

with fresh medium containing 100 ng/mL IL-4 and 60 ng/mL GM-CSF.  
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Supporting Information 
Results 
Correlation between serum immunoglobulins and acute allergic skin response 

To investigate the correlation between the serum immunoglobulins and acute 

allergic skin reaction, non-parametric Spearman correlation coefficient analyses were 

conducted using data from 6-7 independent experiments. The serum dilution used to 

calculate the correlations were: 10 times for whey-and BLG-specific IgE, 40,000 times 

for whey-specific IgG1, 32,000 times for BLG-specific IgG1, 8,000 times for whey-specific 

IgG2a and 4,000 times for BLG-specific IgG2a. The acute allergic skin response were 

found positively correlate with whey-specific IgE (supplemental Figure S1A; p=0.001, 

r=0.416 , n=56), whey-specific IgG1 (supplemental Figure S1B; p<0.0001, r=0.557, n=56), 

whey-specific IgG2a (supplemental Figure S1C; p=0.005, r=0.371,n=56), BLG-specific IgE 

(supplemental Figure S1D; p=0.003, r=0.395, n=56), BLG-specific IgG1 (supplemental 

Figure S1E; p=0.0003, r=0.470, n=56) and BLG-specific IgG2a (supplemental Figure S1F; 

p=0.001, r=0.423, n=56). 

 

Cytokine production by splenocytes upon ex vivo re-stimulation with α-CD3. 

Ex vivo stimulation with α-CD3 induced similar secretion of IFN-γ, IL-13, IL-10 and 

TNF-α in the non-allergic, whey allergic and whey tolerance group, verifying the 

responsiveness of the isolated splenocytes upon generic T-cell receptor (CD3) activation, 

despite no differences were observed between the sham and whey-sensitized groups 

(supplemental Figure S4A-D). Typically, the high dose of Peptide-NPs pretreated group, 

showed a significantly lower generic IL-13 and IL-10 release than the whey tolerant 

group upon α-CD3 stimulation. Furthermore, the high dose of Peptide-NPs significantly 

lowered IL-10 and TNF-α concentrations compared to the whey sensitized- as well as 

high dose Peptide mix, and empty-NP plus Peptide mix pretreated groups. In addition, 

α-CD3 induced secretion of IL-5 and IL-17A by splenocytes were measured 

(supplemental Figure S5A-B).  
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Supporting Figures 

Figure S1. Correlation analysis between ear swelling and whey- and BLG-specific immunoglobulins. Spearman 
correlation between ear swelling and whey-specific IgE (A) (p=0.001, r=0.416, n=56), whey-specific-IgG1 (B) 
(p<0.0001, r=0.557, n=56), whey-specific-IgG2a (C) (p=0.005, r=0.371, n=56), BLG-specific IgE (D) (p=0.003, r=0.395, 
n=56), BLG-specific IgG1 (E) (p=0.0003, r=0.470, n=56) and BLG-specific IgG2a (F) (p=0.001, r=0.423, n=56). (* p < 
0.05, **p < 0.01, *** p < 0.001) 
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Figure S2. T cell subsets in the splenocytes. 18 h After the last oral challenge with whey, splenocytes were isolated 
and analyzed by flow cytometry for percentages of CD4+ cells (A), activated Th1 (B), activated Th2 (C) and Treg 
phenotype (D). Data are presented as mean ± SEM for n=9-10 per group except for the non-sensitized group, n=3 
and whey tolerant group, n=6. (A)-(D) are analyzed with one-way ANOVA for selected pairs, followed by Bonferroni's 
post hoc test; CT, Cholera toxin. 
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Figure S3. Cytokine production after ex-vivo re-stimulation of splenocytes with medium or whole whey protein. 
Splenocytes were ex vivo re-stimulated either with medium or whole whey protein for 5 days, Th1- (A), Th2- (B), 
regulatory (C) and proinflammatory (D) associated cytokines were measured in supernatants; Data are presented as 
Tukey box-and whisker plots for n=9-10 per group except for the non-sensitized group, n=3 and whey tolerant group, 
n=6. CT, Cholera toxin. 
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Figure S4. Cytokine production after ex-vivo re-stimulation of splenocytes with α-CD3. Splenocytes were ex vivo 
re-stimulated with anti-CD3 monoclonal antibody for 2 days, Th1- (A), Th2- (B), regulatory (C) and proinflammatory 
(D) associated cytokines were measured in supernatants; Data are presented as mean ± SEM for n=9-10 per group 
except for the non-sensitized group, n=3 and whey tolerant group, n=6. (A)-(D) are analyzed with one-way ANOVA 
followed by Bonferroni's post hoc test for selected pairs, after log transformation for (A-C) and after square root 
transformation for (D); *P<0.05, **P<0.01, ***P<0.001; CT, Cholera toxin. 
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Figure S5. IL-5 and IL-17A production after restimulation of splenocytes with α-CD3 or whole whey protein. 
Splenocytes were re-stimulated ex vivo either with medium or anti-CD3 monoclonal antibody for 2 days, Th2-(A) and 
Th17A- associated (B) cytokines, or with medium or whole whey protein for 5 days, Th2- (C), Th17A- associated (D) 
cytokines are measured in supernatants; Data are presented as mean ± SEM for n=9-10 per group except for non-
sensitized group, n=3; whey tolerant group, n=6. (A)-(D) are analyzed with one-way ANOVA followed by Bonferroni's 
post hoc test for selected pairs, after square root transformation *P<0.05, **P<0.01, ***P<0.001; CT, Cholera toxin. 
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Figure S6. mRNA expression in the middle intestine after oral challenge with whole whey protein. Middle intestines 
were collected 18 h after oral whey challenge for mRNA isolation and cDNA synthesis. mRNA expression of Th1- 
associated Tbet (A), Th2- associated GATA3 (B), regulatory TGF-β (D) and IL-10 (E) markers with real-time qPCR. The 
ratio of Tbet/GATA3 was calculated to represent Th1/Th2 balance. mRNA expression is normalized to RPS13 
reference gene expression. Data are presented as mean ± SEM for n=9-10 per group except for non-sensitized group, 
n=3; whey tolerant group, n=6. 
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Figure S7. Graphical Abstract. Oral pre-exposure to PLGA nanoparticles encapsulated with two selected 18-AA β-
lactoglobulin-derived peptides for 6 days, prior to 5 weekly oral sensitizations to whole whey protein, significantly 
reduced the acute allergic skin response of 3 week-old female C3H/HeOuJ mice upon intradermal whey challenge 
dose dependently. Ex vivo whey stimulation recalled low IL-13, IFN-γ and IL-10 and significantly lowered TNF-α 
release by splenocytes in the 160 μg PLGA-encapsulated peptides recipients, but not empty PLGA nanoparticles plus 
peptides recipients, indicating a systemic whey silencing effect.  
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Abstract 
Background. Cow’s milk allergy is a common food allergy among infants. Improved 

hygiene conditions and loss of microbial diversity are associated with increased risk of 

allergy development. The intestinal immune system is essential for oral tolerance 

induction. In this respect, bacterial CpG DNA is known to drive Th1 and regulatory T-cell 

(Treg) development via Toll-Like-Receptor 9 (TLR-9) signaling, skewing away from the 

allergic Th2 phenotype. Objective. We aimed to induce allergen specific tolerance via 

oral delivery of poly (lactic-co-glycolic acid) nanoparticles (NP) co-encapsulated with a 

selected β-lactoglobulin derived peptide (BLG-Pep) and TLR-9 ligand CpG 

oligodeoxynucleotide (CpG). Methods. In vivo, 3-4-week-old female C3H/HeOuJ mice 

housed in individually ventilated cages received 6-consecutive-daily gavages of either 

PBS, whey, BLG-Pep/NP, CpG/NP, a mixture of BLG-Pep/NP plus CpG/NP or co-

encapsulated BLG-Pep+CpG/NP, before 5-weekly oral sensitizations with whey plus 

cholera toxin (CT) or only CT (sham) and were challenged with whey 5 days after the 

last sensitization. Results. The co-encapsulated BLG-Pep+CpG/NP pretreatment, but 

not BLG-Pep/NP, CpG/NP or the mixture of BLG-Pep/NP plus CpG/NP, prevented the 

whey-induced allergic skin reactivity and prevented rise in serum BLG-specific IgE 

compared to whey-sensitized mice. Importantly, co-encapsulated BLG-Pep+CpG/NP 

pretreatment reduced dendritic cell (DC) activation and lowered the frequencies of PD-

L1+ DC in the mesenteric lymph nodes compared to whey-sensitized mice. By contrast, 

co-encapsulated BLG-Pep+CpG/NP pretreatment increased the frequency of splenic 

PD-L1+ DC compared to the BLG-Pep/NP plus CpG/NP recipients, in association with 

lower Th2 development and increased Treg/Th2 and Th1/Th2 ratios in the spleen. 

Conclusion. Oral administration of PLGA NP co-encapsulated with BLG-Pep and CpG 

prevented rise in serum BLG-specific IgE and symptom development while lowering 

splenic Th2 cell frequency in these mice which were kept under strict hygienic 

conditions. 

 

Keywords: β-lactoglobulin, cow’s milk allergy, CpG oligodeoxynucleotides, individual 

ventilated cages, poly (lactic-co-glycolic acid), toll-like-receptor 9, whey protein. 
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Introduction 
Cow’s milk allergy (CMA) is one of the most common food allergies occurring early 

in life, with an overall incidence of 0.54% in Europe [1]. Despite most infants can 

outgrow CMA, affected children need to avoid ingestion of cow’s milk proteins, which 

may restrict nutrient intake and decrease their quality of life. Early introduction of 

peanuts, between 4 and 11 months after birth, was found effective in prevention of 

peanut allergy development among high-risk infants [2] in the Learning Early About 

Peanut Allergy (LEAP) study. Similarly, early introduction of egg proteins between 4 and 

6 months of age protected against the development of egg allergy [3]. However, early 

introduction of cow’s milk protein was not found to reduce the risk on cow’s milk allergy 

among the general population in the Enquiring About Tolerance (EAT) observational 

study [4]. Nevertheless, an earlier timing for cow’s milk protein exposure among a 

general population, in addition to breast feeding, within 14 days after birth [5] and 

during the first 3 months of life was found to be associated with a decreased risk of 

CMA [6].When breastfeeding is not possible, cow’s milk formula or hydrolyzed formula 

milk might be given to the atopic children at risk of CMA development as breastmilk 

substitute [7]. However, neither cow’s milk formula nor hydrolyzed formula milk was 

proven effective in CMA prevention [7]. Furthermore, early introduction of cow’s milk 

proteins (i.e. whole whey protein) might induce adverse reactions among infants that 

have been sensitized via environmental exposure via skin [8]. Therefore, when 

breastfeeding is not possible for the high-risk infants, it is of importance to implement 

a safe and effective approach for CMA prevention. Previously 18-AA long synthetic 

peptides were identified within the β-lactoglobulin (BLG) sequence and shown to 

contribute to oral tolerance induction [9]. In pre-clinical studies, BLG derived peptides 

showed reduced sensitizing capacity as compared to BLG protein [10], and were found 

capable of inducing oral tolerance to whole whey protein [9, 11]. These peptides are 

too small to provoke allergic symptoms and therefore safe to provide early in life in 

children at risk to enrich formula milk.  

Our previous study showed a protective effect of BLG derived peptides 

encapsulated poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NP) against CMA 

development when mice were housed in open cages [12]. The gut-associated lymphoid 

tissue (GALT) is prone to induce peripheral immune tolerance to harmless food proteins 

[13] in the presence of the proper environmental stimuli as co-factors [14]. Allergen 

loaded PLGA nanoparticles have been extensively exploited via subcutaneous [15] or 

oral route [16-18] for allergen immunotherapy in mice. In early life, microbial triggers 
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are suggested to play a pivotal role in immune maturation and development of 

regulatory T-cells contributing to oral tolerance induction [19]. Noteworthy, bacterial 

CpG DNA can activate the TLR-9 that is expressed in the endolysosomes of plasmacytoid 

DC and B-cells [20, 21] and drive regulatory immune maturation [22], skewing away 

from the allergic type 2 phenotype [23, 24]. However, modern lifestyle and 

environmental changes, including improved hygiene conditions and use of antibiotics 

affect intestinal microbial diversity and commensal microbiota composition 

contributing to an immune imbalance and a rise in allergic diseases including food 

allergy [25, 26]. 

 

Housing mice in individual ventilated cages (IVC) simulates a strict hygienic 

environment with reduced exposure to bacterial ligands that are essential for immune 

function and/or contribute to immune maturation [27]. We hypothesized that co-

encapsulating TLR-9 ligand CpG together with a selected model synthetic peptide of 18-

AA derived from BLG sequence (BLG-peptide, abbreviated as BLG-Pep) [12] in PLGA 

nanoparticles would improve the allergy preventive capacity of the BLG-Pep as CpG acts 

as a Th1 and Treg adjuvant [28-30]. Noteworthy, this BLG-Pep was shown previously to 

be recognized by a cow’s milk specific human T-cell line in vitro and to reduce allergic 

skin reactivity to whole whey protein in mice when used in a relatively high dose [31] 

and at a lower dose when encapsulated in PLGA nanoparticles to optimize oral delivery 

[32]. To further enhance the efficacy of this approach a strategy was developed to co-

encapsulate BLG-Pep, to instruct allergen specificity, together with CpG, as an 

immunomodulatory adjuvant, into PLGA nanoparticles. 

 

Previously, co-administration of antigen and class B CpG-oligonucleotides (CpG), as 

a Th1-skewing immune adjuvant, has been harnessed in food allergy [24] and allergic 

asthma immunotherapy [33] in mice. Current reported strategies for antigen and CpG 

co-delivery using PLGA carriers either incorporates cationic lipid dioleoyl-3-

trimethylammonium propane (DOTAP) [34] or protamine [35]. However, DOTAP 

functions as a Toll-like receptor 4 (TLR-4) agonist and interferes with the tolerance 

induction outcome. To preclude the influences from DOTAP and additional protein 

protamine, we have prepared well-defined CpG and BLG-Pep co-encapsulated PLGA 

nanoparticles. 
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In this study, we investigated the effect of orally administered nanoparticles co-

encapsulated with CpG and BLG-Pep as a model peptide to prevent whey induced cow’s 

milk allergy in mice kept in IVC housing to mimic increased hygienic conditions. 
 

Materials And Methods 
Peptide and CpG 

A 18-AA-long sequential synthetic peptide that are derived from the chain B of 

bovine β-lactoglobulin, BLG-Pep (AASDISLLDAQSAPLRVY), previously indicated as 

Peptide 3 [12], was purchased from JPT Peptide Technologies (Berlin, Germany). Murine 

TLR-9 ligand CpG oligonucleotides 1826 (5’-tccatgacgttcctgacgtt-3’, further abbreviated 

as CpG) was purchased from InvivoGen (San Diego, USA). 

 

Preparation and characterization of BLG-Pep and/or CpG encapsulated PLGA 

nanoparticles and release studies 

Nanoparticles were prepared with poly (lactic-co-glycolic acid) (PLGA: 

lactide/glycolide molar ratio 50:50, 0.32 - 0.48 dL/g; PURASORB PDLG 5004A, Corbion, 

the Netherlands) using a double emulsion solvent evaporation method, as described in 

detail in the supplemental information. BLG-Pep (previously indicated as Peptide 3) 

were encapsulated in PLGA nanoparticles for the animal study as previously published 

[12, 32]. The in vitro release method of BLG-Pep and CpG from the PLGA NP is described 

in detail in the supplemental method. 

 

Animal study 

Sixty 3-4-week-old pathogen free female C3H/HeOuJ mice were ordered from 

Charles River Laboratories (Sulzfeld, Germany). The mice were randomly allocated into 

7 treatment groups and housed in individually ventilated cages in the animal facility of 

Utrecht University. The mice were fed cow’s milk protein free control purified diet AIN-

93G (contains soy protein and supplemented methionine to replace casein as protein 

source, Ssniff diet obtained via Bio-services, Uden, the Netherlands) ad libitum in the 

study. Animal care and use in this study follows the guidelines of the Animal Ethics 

committee and the Center Commission for Animal use (CCD) of Utrecht University, with 

approval numbers of AVD108002015262-2. 
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Oral tolerance induction, sensitization and challenge 

The CMA prevention murine model was developed and described by Schouten et 

al. [36] and Kostadinova et al. [37]. As indicated in Figure 1, mice were randomly 

allocated into 7 groups and received 6-consecutive-daily oral pretreatments (Table 1) 

with the selected model BLG peptide (BLG-Pep) and/or CpG encapsulated in PLGA NP 

in a sterile biosafety cabinet starting 2 days after their arrival. Briefly, the mice received 

either PBS (Dulbecco's phosphate-buffered saline, Sigma-Aldrich, Zwijdrecht, the 

Netherlands), 50 mg whey, BLG-Pep/NP (160 μg encapsulated BLG-Pep), CpG/NP (3 μg 

encapsulated CpG), a mixture of BLG-Pep/NP plus CpG/NP (160 μg BLG-Pep and 3 μg 

CpG in separate encapsulation form), or co-encapsulated BLG-Pep+CpG/NP (160 μg 

BLG-Pep and 3 μg CpG in co-encapsulation form) in 0.5 mL PBS via oral gavages. Two 

days after the tolerance induction phase mice received 5-consecutive-weekly 

sensitizations with 20 mg whey plus 10 μg cholera toxin (CT) in 0.5 mL PBS for all groups 

except sham (only CT) to break oral tolerance for whey from day 7 to day 35. Five days 

after the last whey-sensitization, mice received intradermal challenge with 10 μg whole 

whey protein in the ears (day 40) and at t=0 h 

 

 
Figure 1. Experimental protocol for pre-treatment, sensitizations and challenge in murine model of cow’s milk 
allergy for the animal study. Three-four-week-old pathogen free female C3H/HeOuJ mice were given 6 daily oral 
pretreatments starting 2 days after arrival of the mice. Two days after the tolerance induction phase mice received 
5-consecutive-weekly sensitizations with 20 mg whey plus 10 μg cholera toxin in 0.5 mL PBS for all groups but sham 
(only cholera toxin) from day 7 to day 35 to break whey tolerance. Five days after the last whey-sensitization, mice 
received intradermal challenge with 10 μg whole whey protein in the ears and at t=0 h and t=1 h the acute allergic 
skin response (ear swelling) was determined. Three hours after the intradermal whey challenge, the mice were orally 
challenged by means of gavage with 50 mg whey in 0.5 mL PBS. Eighteen hours after the oral whey challenge, mice 
were anesthetized with isoflurane and euthanized after blood sampling. Subsequently, spleen and mesenteric lymph 
nodes were collected immediately for further analysis. CT: Cholera toxin; NP: nanoparticles 
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and t=1 h the ear swelling response was measured (acute allergic skin response). Three 

hours after the intradermal whey challenge, the mice were orally challenged by means 

of gavage with 50 mg whey in 0.5 mL PBS. Eighteen hours after the oral whey challenge, 

mice were anesthetized with isoflurane and euthanized after blood sampling. 

 
Table 1. Treatment groups of the animal study in the CMA prevention murine model. 

 

Assessment of acute allergic skin response 

Five days after the last oral sensitization, the acute allergic skin response was 

recorded with the cage code concealed. Under anaesthesia by inhalation of isoflurane, 

the ear pinnae thickness of the mice was measured twice using a digital micrometer 

(Mitutoyo, Veenendaal, the Netherlands), before and 1 h after intradermal ear 

challenge with 10 μg whey protein in 20 μL PBS. Difference in ear pinnae thickness (ear 

swelling) was calculated by subtracting the basal ear pinnae thickness before challenge 

according to Schouten et al. [36]. Meanwhile, body temperature and anaphylaxis 

symptoms score were recorded before and at 30 min and 1 h after intradermal 

challenge with whole whey protein according to Schouten et al. [36]. 

 

Serum mucosal mast cell protease-1 (mMCP-1) and allergen specific immunoglobulins 

mMCP-1 was measured in serum that was collected 18 h after the oral whey 

challenge, using the mouse mucosal mast cell protease-1 (MCPT-1) Elisa kit 

(eBioscience, ThermoFisher, Massachusetts, USA) according to the manufacturer’s 

Group Pretreatment per mouse per dose Sensitization Challenge 

Sham (n=4) PBS Cholera Toxin Whey 

Whey-sensitized (n=10) PBS Cholera Toxin + 

Whey Whey-tolerant (n=6) Whey 

BLG-Pep/NP (n=10) 23 mg BLG-Pep/NP 

(encapsulating 160 μg BLG-Pep plus 5 mg Empty NP) 

CpG/NP (n=10) 5 mg CpG/NP 

(encapsulating 3 μg CpG plus 23 mg Empty NP) 

BLG-Pep/NP+CpG/NP 

(n=10) 

23 mg BLG-Pep/NP plus 5 mg CpG/NP 

(encapsulating 160 μg BLG-Pep and 3 μg CpG) 

BLG-Pep+CpG/NP 

(n=10) 

20 mg BLG-Pep+CpG/NP 

(encapsulating 160 μg BLG-Pep and 3 μg CpG) 
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protocol. Serum whey- and BLG-specific immunoglobulins were measured a previously 

reported method [31]. 

 

Flow cytometry analysis of T cell subsets from spleen and DC from mesenteric lymph 

nodes and spleen 

Eighteen hours after oral challenge of the mice with whole whey protein, isolation 

of cells from spleen [11] and mesenteric lymph nodes (MLN) [38] was performed as 

previously reported. 

 

Approximate 8×105 isolated MLN or spleen cells were resuspended in 135 μL PBS 

(Sigma-Aldrich) and cultured in 96-wells falcon plates. Cell viability was determined by 

staining with 100 μL fixable viability dye (FVD)-eFluor™780 (ThermoFisher) at 2000 

times dilution in PBS at 4˚C. Nonspecific binding sites were blocked by incubation with 

25 μL anti-mouse CD16/CD32 (Mouse BD Fc block; BD Pharmingen, San Jose, USA) at 

100 times dilution in 2% Fetal Bovine Serum (FBS)-1% Bovine Serum Albumin (BSA, 

Sigma-Aldrich)-PBS buffer for 5 min at 4˚C. 

 

For extracellular staining of Th1/Th2 and Th17/Treg (Antibodies concentrations are 

shown in the Supplemental Table 1 and 2), splenocytes were incubated with CD4-BV510 

(BioLegend, San Diego, USA), T1/ST2-FITC (MD Biosciences, Oakdale, USA), CXCR3-PE 

(ThermoFisher), CD25-PerCP/eFluor710 (ThermoFisher), and CD196-PE (BioLegend) in 

1% BSA-PBS buffer overnight at 4˚C. For intracellular Treg staining, cells were first fixed 

and permeabilized with FoxP3/Transcription Factor Staining Buffer Set (ThermoFisher) 

and then stained with FoxP3-FITC (ThermoFisher). 

 

For extracellular staining of DC (antibodies concentrations are shown in the 

Supplemental Table 3), MLN and spleen cell suspension were incubated with MHCII-PE 

(ThermoFisher), CD11c-FITC (ThermoFisher), CD11b-PE/Cy7 (ThermoFisher), CD80-

BV421 (BioLegend), CD86-BV510 (BioLegend) and programmed cell death ligand 1 (PD-

L1)-PerCP/Cy5.5 (ThermoFisher) 1% BSA-PBS buffer overnight at 4˚C. Cells were 

analyzed with BD FACSCantoII flow cytometer (Becton Dickinson, Franklin Lakes, USA). 

Data analysis was conducted with FlowLogic software (Inivai Technologies, Mentone, 

Australia). 
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Ex vivo allergen re-stimulated cytokine release by splenocytes 

Splenocytes (6×105 cells) were stimulated with either 200 μL 500 μg/mL whey 

protein (DMV International, Veghel, the Netherlands), 290 μg/mL β-Lactoglobulin B 

variant (from bovine milk, Sigma-Aldrich), or only blank RPMI 1640 medium 

supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin as 

control and cultured in a round-bottom culture plate at 37°C, 5% CO2. After 5-days, 

supernatants were collected and determined using a Procartaplex kit for mouse IL-13, 

IL-5, IL-10 and TNF-α and mouse IFN-γ, IL-17A and TGF-β ELISA kits (both from 

ThermoFisher) according to the manufacturer’s protocols and using a GloMax® Discover 

plate reader (Promega, Wisconsin, USA). 

 

Statistical analysis 

The obtained in vivo data were analyzed with GraphPad Prism 9.0.0 software 

(GraphPad Software, San Diego, USA). Normal distribution of the data was assessed by 

the Shapiro-Wilk test and Kolmogorov-Smirnov test. If required data were log 

transformed to obtain normal distribution or alternatively a non-parametric test was 

used. One-way ANOVA followed by Bonferroni's post hoc test, or the non-parametric 

Kruskal-Wallis test followed by Dunn’s post hoc test was applied for selected pairs (as 

indicated in the figure legends). In the post hoc analyses for selected pairs the whey-

sensitized group was compared to all the other groups and the BLG-Pep+CpG/NP group 

was compared to all groups except the sham group (non-sensitized group). 

 

Results 
Characteristics of PLGA nanoparticles 

Empty and encapsulated PLGA nanoparticles had average hydrodynamic particle sizes 

in the range of 240-270 nm. As a parameter that described the size range of 

nanocarriers [39], low polydispersity indices (PDI) below 0.14 (Table 2) of these 

nanoparticles demonstrated their narrow size distributions. The particles had close to 

neutral zeta-potentials (around -1 mV), as a key parameter reflects the electrostatic 

interactions and stability of the nanoparticles dispersions [40], in 10 mM HEPES buffer 

(pH7.4). BLG-Pep was encapsulated without CpG (in BLG-Pep/NP) or with CpG (in BLG-

Pep+CpG/NP) with encapsulation efficiencies (EE) between 41-65% and loading 

capacities (LC) between 0.7-0.8%. CpG was encapsulated in CpG/NP (i.e., without 

peptide) and in BLG-Pep+CpG/NP with EEs between 38-47% and LCs between 0.02-
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0.06%. Quantification of the encapsulated BLG-Pep and CpG cargos in the PLGA 

nanoparticles enabled further in vitro release study and dosing for the pretreatments 

in the animal study. 

 
Table 2. Characteristics of BLG-Pep and/or CpG encapsulated PLGA nanoparticles. 

1 Zeta-potential: Zeta-potential of the PLGA nanoparticles were characterized in 10 mM HEPEs buffer at pH7.4. 

2 EE: Encapsulation Efficiency= !"#$&' #* +&,-/0$1-'+2 789:;+/ #4 </9
!"#$&' #* *++2 789:;+/ #4 </9 *#4 *#"$1-'3#& /4+/-4-'3#& × 100 (%) 

3 LC: Loading Capacity= !"#$&' #* +&,-/0$1-'+2 789:;+/ #4 </9 
>+3?@' #* &-&#/-4'3,1+0 × 100 (%) 

 

The in vitro release profiles of BLG-Pep/NP were similar to our previous study [12], 

except for a burst release of 18% BLG-Pep from the BLG-Pep/NP and no burst release 

of the peptide cargo from the BLG-Pep+CpG/NP used in the animal study (Supplemental 

Figure 1A). Thereafter, a slow-release phase and accelerated release phase of peptide 

cargo were observed during 49-58 days. For the release of CpG, a burst release of 20% 

CpG from CpG/NP and 10% CpG from BLG-Pep+CpG/NP were observed, followed by a 

sustained release of CpG from day 7 onwards (Supplemental Figure 1B). 

 

Co-encapsulated BLG-Pep+CpG/NP prevented the acute allergic skin response and 

serum BLG-specific IgE levels  

The animal study was performed in IVC housing as indicated in Table 1 and Figure 

1. Whey-sensitized (sham-pretreated mice) mice had significantly increased ear 

thickness one hour after intradermal whey challenge, as compared to the sham (PBS-

pretreated mice) and whey-tolerant group (whey-pretreated mice), indicating 

successful establishment of a prophylatic CMA murine model in this study (Figure 2A 

and Supplemental Figure 2A). Pretreatments by nanoparticles encapsulated with only 

BLG-Pep (BLG-Pep/NP) did not prevent the acute allergic skin response (Figure 2A). In 

the animal study, only co-encapsulated BLG-Pep+CpG/NP, but not pretreatments with, 

PBS (sham group), BLG-Pep/NP, CpG/NP or BLG-Pep/NP+CpG/NP, effectively prevented 

Formulation 

(Number of combined 
batches) 

Hydrodynamic 
particle size (nm) 

(Measurement in 
triplicate) 

Poly dispersity 
Index (PDI) 

Zeta-
potential1 

(mV) 

CpG BLG-Pep 

EE2 
(%) 

LC3 
(%) 

EE 
(%) 

LC 
(%) 

Empty NP (n=6) 250 ± 15 0.09 ± 0.07 -1.2 ± 0.2 - - - - 

BLG-Pep/NP (n=3) 264 ± 3 0.08 ± 0.02 -1.0 ± 0.3 - - 65 0.7 

CpG/NP (n=2) 245 ± 2 0.06 ± 0.04 -1.2 ± 0.4 47 0.06 - - 

BLG-Pep+CpG/NP (n=2) 242 ± 3 0.08 ± 0.03 -0.8 ± 0.6 38 0.02 41 0.8 
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the whey induced acute allergic skin response as compared to the whey-sensitized 

(sham-pretreated) mice. Moreover, co-encapsulated BLG-Pep+CpG/NP prevented the 

whey induced acute allergic skin response as compared to separately delivered BLG-

Pep/NP+CpG/NP in mice (Figure 2A and Supplemental Figure 2A). No statistic difference 

was observed in body temperature or anaphylactic shock score of the mice during 1 h 

after intradermal whey challenge (Supplemental Figure 3). Despite lack of statistical 

significance, mMCP-1 measured in the serum showed a similar pattern as the acute 

allergic skin response result (Supplemental Figure 2B). 

 

Figure 2. Acute allergic skin response and BLG- and whey-specific serum immunoglobulin E. Five days after last 
sensitization, mice were intradermally challenged in the ear pinnae with 10 μg whey followed by oral challenge. BLG- 
(B) and whey-specific (C) IgE levels are measured in serum, which were collected 18 h after last oral challenge with 
whey in mice from all groups of the animal study. The acute allergic skin response was measured 60 min afterwards 
in the in vivo study (A). Data are presented as box-and-whisker Tukey plots for (A), and mean ± SEM for (B-C) n=9-10 
per group except for the sham group, n=4 and whey-tolerant group, n=6. (A-C) are presented with Y axis formatted 
in two segments to properly show the relevant part for the window of effect. (A) is analyzed by one-way ANOVA, 
followed by Bonferroni's post hoc test for selected pairs. The outlier (in red) in the BLG-Pep/NP+CpG/NP group is 
excluded in (A) from statistics; (B-C) are analyzed with the Kruskal-Wallis non-parametric test, followed by Dunn's 
post hoc test for selected pairs; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; BLG, β-lactoglobulin; CT, Cholera 
toxin. 

 

Consistent with the prevented allergic skin reactivity, mean BLG-specific IgE serum 

levels 18 h after oral whey challenge were significantly lower in the BLG-Pep+CpG/NP 

recipients compared to both whey-sensitized (sham-pretreated mice) and CpG/NP 

groups (Figure 2B). A similar overall pattern was found for whey-specific IgE, albeit this 

did not reach statistical significance (Figure 2C). In the whey-tolerant group (whey-

pretreated mice), BLG- and whey-specific IgG1 and IgG2a remained low (Supplemental 

Figure 4A-D), but the other pretreatments did not reduce these immunoglobulins levels. 
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In mesenteric lymph nodes co-encapsulated BLG-Pep+CpG/NP decreased percentages 

of CD80/CD86+CD11b+ DC 

No differences in the mean percentages of CD11c+MHCII+ DC in MLN were found 

among all pretreatment groups (Figure 3A). The co-encapsulated BLG-Pep+CpG/NP 

recipients  

 

 

Figure 3. Surface activation markers expression on dendritic cells in mesenteric lymph nodes (MLN). Eighteen hours 
after oral whey-sensitization, MLN cells were isolated and analyzed using flow cytometry to determine the 
percentage of CD11c+MHCII+ DC (A) and CD11b+ (D) and CD11b- (G) DC subsets. Surface costimulatory molecules 
expression of CD80+ (B)(E)(H) and CD86+ (C)(F)(I) on CD11c+MHCII+ DC, CD11b+ and CD11b- DC subsets were 
determined respectively. Data are presented as mean ± SEM for n=9-10 per group except for the sham group, n=4 
and whey-tolerant group, n=5. (A) is analyzed with one-way ANOVA for selected pairs after log transformation, 
followed by Bonferroni's post hoc test; (B) and (D-I) are analyzed with the Kruskal-Wallis non-parametric test, 
followed by Dunn's post hoc test for selected pairs; (C) is analyzed with one-way ANOVA for selected pairs after log 
transformation, followed by Bonferroni's post hoc test; *p<0.05, **p<0.01; CT, Cholera toxin. 

 

showed a lower percentage CD11b+ DC and higher percentage of CD11b- DC subsets 

compared to both the CpG/NP group and BLG-Pep/NP+CpG/NP group (Figure 3D and 
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G). The co-encapsulated BLG-Pep+CpG/NP pretreatment reduced the expression of 

costimulatory molecules CD80 and CD86 on DC and CD11b+ DC compared to BLG-

Pep/NP+CpG/NP pretreatment, but not on CD11b- DC in MLN (Figure 3B, C, E, F, H and 

I). The gating strategy of the flow cytometry analysis for DC from MLN is shown in 

Supplemental Figure 8. 

 

Co-encapsulated BLG-Pep+CpG/NP reduced percentages of PD-L1+ DC subsets in 

mesenteric lymph nodes but increased PD-L1+CD11b+ DC frequency in spleen 

In MLN, co-encapsulated BLG-Pep+CpG/NP, but not the other pretreatments, 

significantly decreased surface expression of PD-L1+ on CD11c+MHCII+ DC (Figure 4A) 

as compared to the whey-sensitized group in CD11b- DC (Figure 4C), and only showed 

a decreasing tendency in CD11b+ DC subset (p=0.0655, Figure 4B). In spleen, however, 

co-encapsulated BLG-Pep+CpG/NP pretreatment upregulated expression of PD-L1 on 

CD11b+ DC subset (Figure 4E) and tended to enhance PD-L1 expression on 

CD11c+MHCII+ DC (p=0.0617, Figure 4D), but not on its CD11b- DC subset (Figure 4F), 

as compared to the BLG-Pep/NP plus CpG/NP group. 

 

 

Figure 4. Expression of PD-L1 on dendritic cells from mesenteric lymph nodes (MLN) and spleen. Eighteen hours 
after the last oral challenge with whey, cells isolated from MLN and spleen were analyzed by flow cytometry for the 
frequencies of PD-L1+ on CD11c+MHCII+ DC (A) (D), PD-L1+CD11b+ (B) (E) and PD-L1+CD11b- (C) (F) DC subsets in 
MLN and spleen respectively. Data are presented as mean ± SEM for n=8-10 per group except for the sham group, 
n=4 and whey-tolerant group, n=6. (A-B) and (D-F) are analyzed with the Kruskal-Wallis non-parametric test, followed 
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by Dunn's post hoc test for selected pairs; (C) is analyzed with one-way ANOVA for selected pairs after log 
transformation, followed by Bonferroni's post hoc test; *p<0.05, **p<0.01; CT, Cholera toxin. 

In splenocytes co-encapsulated BLG-Pep+CpG/NP lowered the percentage of Th2 cell 

while increasing ratios Treg/Th2 and Th1/Th2 

The co-encapsulated BLG-Pep+CpG/NP pretreatment resulted in an increasing 

trend in CD25+FoxP3+ Treg percentage as compared to the BLG-Pep/NP+CpG/NP 

pretreated mice (p=0.0518, Figure 5A).The co-encapsulated BLG-Pep+CpG/NP 

pretreatment reduced the percentage of T1/ST2+ Th2 cells (Figure 5B) compared to the 

whey-sensitized group, but no difference was found on the frequencies of CXCR3+ Th1 

(Figure 5C) and CD196+ Th17 subsets (Data not shown for Th17) in all pretreatment 

groups. Co-encapsulated BLG-Pep+CpG/NP increased ratios of Treg/Th2 and Th1/Th2 

as compared to the whey-sensitized mice (Figure 5D and F), and tended to increase the 

Treg/Th1 ratio in BLG-Pep+CpG/NP recipients as compared to whey-tolerant mice 

(p=0.0647, Figure 5E). The gating strategy of the flow cytometry analysis for Th1, Th2 

and Treg subsets from splenocytes is shown in Supplemental Figure 9. 

 

Co-encapsulated BLG-Pep+CpG/NP decreased whey-restimulated IFN-�� and enhanced 

IL-10/IFN-� ratio in splenocyte supernatants 

CpG/NP pretreatment reduced whey-restimulated splenocytes release of IL-13 

(Figure 5G), while BLG-Pep/NP+CpG/NP and co-encapsulated BLG-Pep+CpG/NP 

pretreatments lowered whey-restimulated splenocytes release of IFN-� compared with 

the whey-sensitized mice (Figure 5H). Whey-sensitized mice showed higher whey-

stimulated IL-17A and IL-10 production by splenocytes compared to sham mice (Figure 

5I and J), which was prevented in the whey-tolerant group for IL-17A secretion (Figure 

5I). Despite no statistical differences were found in IL-10 concentrations or in the ratio 

of IL-10/IL-13 (Figure 5K), BLG-Pep/NP+CpG/NP and co-encapsulated BLG-Pep+CpG/NP 

pretreatments significantly increased the ratio of IL-10/IFN-� compared to whey-

sensitized mice (Figure 5L). BLG-Pep+CpG/NP pretreatment also significantly increased 

the ratio of IL-10/IFN-� compared to the BLG-Pep/NP+CpG/NP group and whey-tolerant 

group (Figure 5L). Supplemental Figure 5, 6 and 7 shown medium versus whey-

stimulated cytokine responses and additional whey or BLG induced re-stimulation 

responses.  
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Figure 5. Splenic T-cell subsets and cytokines production of splenocytes upon ex vivo stimulation with whey for 5 
days. Eighteen hours after the last oral challenge with whey, splenocytes were isolated and analyzed by flow 
cytometry for the percentages of T-cell subsets including Treg (A), Th2 (B), Th1 (C), ratio of Treg/Th2 (D), ratio of 
Treg/Th1 (E) and ratio of Th1/Th2 (F) respectively. Splenocytes were restimulated with whole whey protein for 5 
days, Th2- (G), Th1- (H), Th17- (I), and Treg- (J) associated cytokines were measured in supernatants. Ratios of Treg-
/Th2- associated (K) and Treg-/Th1-associated (L) cytokines were calculated. Data are presented as mean ± SEM for 
n=9-10 per group except for the sham group, n=4 and whey-tolerant group, n=6. (A-C) and (E) are analyzed with one-
way ANOVA for selected pairs, followed by Bonferroni's post hoc test; (D) and (F-K) are analyzed with the Kruskal-
Wallis non-parametric test, followed by Dunn's post hoc test for selected pairs; (L) is analyzed with one-way ANOVA 
for selected pairs after log transformation, followed by Bonferroni's post hoc test; *p<0.05, **p<0.01; CT, Cholera 
toxin. 
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Discussion 
We hypothesized that CpG as an adjuvant can enforce the allergy preventive effect 

of a model selected BLG peptide co-encapsulated in PLGA (BLG-Pep/NP) under strict 

hygienic conditions. Previously, this selected BLG peptide (BLG-Pep) was shown to be 

recognized by a cow’s milk specific human T-cell line in vitro and to inhibit acute allergic 

skin response to whey protein in mice pretreated with a relatively high dose [31] and at 

a lower dose when encapsulated in PLGA nanoparticles to optimize oral delivery [32]. In 

this study, 3-4-week-old female mice were chosen to investigate the oral tolerance 

induction in early life using pretreatment of BLG-peptide and CpG co-encapsulated 

PLGA NP before oral sensitization with whole whey protein. In the 3-4-week-old mice, 

microfold (M) cells have already reached adult levels, since this is achieved before 2-3 

week of age. This will allow access of the PLGA nanoparticles to the Peyer’s patch and 

gut draining mesenteric lymph nodes where nanoparticle uptake and peptide 

presentation by the DC can instruct T-cell development [41, 42]. Recruitment of T-cells 

to the neonatal mucosa [43, 44] and microbiome maturation [45] are pivotal for 

induction of Treg and thus establishment of oral tolerance [46]. To further enhance the 

allergy preventive effect, a strategy was developed to co-encapsulate BLG peptide (to 

instruct allergen specificity) together with CpG (as an immunomodulatory adjuvant) 

into PLGA nanoparticles. 

 

BLG-Pep and CpG were separately dissolved in the water phase (PBS), and both 

were emulsified with PLGA solubilized in oil phase (dichloromethane) to form two 

water-in-oil emulsions. This was followed by combining these two water-in-oil 

emulsions and next via preparing the water-in-oil-in-water emulsion [47] in order to co-

encapsulate BLG-Pep and CpG into the PLGA nanoparticles. BLG-Pep and CpG were co-

encapsulated in ~250 nm size PLGA nanoparticles with encapsulation efficiencies for 

both compounds of about 40%. In vitro, the BLG-Pep+CpG/NP showed a burst release 

of about 20% of the CpG, and no burst release of BLG-Pep from the NP matrix, which 

might be attributed to the insufficient washing and/or diffusion from the microporous 

channels that were resulted from the freeze drying process [48, 49]. The sustained 

release of BLG-Pep+CpG/NP from PLGA NP demonstrates that a suitable formulation 

for in vivo evaluation was developed. Similar to many other drugs, there is a therapeutic 

dose window for CpG as an adjuvant, and toxicity was shown in mice that received a 

repetitive daily injection of CpG in a dose above 2.4 mg/kg [50]. In this study, a relative 

low dose of 3 μg encapsulated CpG per daily oral gavage was given to the mice for a 
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period of 6 days, which is a safe dosing scheme in terms of toxicity as reviewed [51]. 

PLGA is biodegradable and biocompatible polymer as approved by the US Food and 

Drug Administration (FDA) for vaccine and drug delivery [52, 53]. PLGA nanopaticles 

provide protection for the encapsulated BLG-peptide and CpG cargos [54] and facilitate 

cellular uptake by antigen-presenting cells [54]. 

 

As shown by previous studies, intestinal uptake and lymphatic transport of oral 

delivered nanoparticles are dependent on surface charge, particle size and dose of the 

administered nanoparticles [55-57]. The similar size and surface charge of the different 

PLGA NP suggest similar mucus penetration and cellular uptake of these nanoparticles 

after oral administration. Despite that, only the co-encapsulation gave the allergy 

preventive effect (i.e., prevented acute allergic skin reactivity and rise in BLG-specific 

IgE) even compared to the cocktail of BLG-Pep/NP plus CpG/NP. Antigen-encapsulated 

PLGA nanoparticles can be internalized by DC into phagosomes via endocytosis [58], 

followed by endosomal degradation for the MHCII pathway [59]. On the other hand, 

TLR-9 and MHCII are also present in the endolysosomes of plasmacytoid DC and B-cells 

[21, 30]. Thus, simultaneous internalization and intracellular release of CpG and BLG-

Pep from BLG-Pep+CpG/NP in the endolysosomes of DC may facilitate synergistic 

activation of TLR-9 and antigen-presentation via MHCII pathway in the same DC (see 

graphical abstract Figure 6). 

Figure 6. Graphical Abstract (Created with BioRender.com) 
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Oral pretreatment with a daily dosage of both antigen and adjuvant (160 μg BLG-

Pep plus 3 μg CpG) for a short period (6 days) prevented skin reactivity and rise in serum 

BLG-specific IgE. Srivastava et al. [24] reported oral therapy using whole peanut extract 

encapsulated PLGA nanoparticles with surface conjugation of CpG, inhibited peanut 

allergic symptoms and facilitated peanut allergy outgrowth [24]. Our study differs from 

this study substantially in that we investigated the cow’s milk allergy prevention effect 

using BLG-Pep (18-AA) and CpG co-encapsulated PLGA nanoparticles in a cow’s milk 

allergy murine model kept in IVC housing. In this study, BLG-Pep+CpG/NP pretreatment 

significantly prevented rise in BLG-specific IgE levels, but did not lower whey- or BLG-

specific IgG1 and IgG2a levels. Despite the role of allergen-specific IgG1 in allergic 

diseases remains elusive [60], it is likely that full inhibition of allergen-specific IgE and 

IgG for both BLG and whey requires additional whey epitopes. Here we used only one 

small BLG model peptide of 18-AA while BLG protein itself consist of 162-AA (18.4 kDa) 

and multiple epitopes [61]. Moreover, whole whey protein consists not only of BLG as 

allergen but also other allergenic proteins such as alpha-lactoglobulin [61]. Thus, in 

future studies, an additional BLG-peptide from another region in the BLG protein 

sequence and/or peptides of other whey-derived allergens may be supplemented to 

the current regime and co-encapsulated with CpG to generate full tolerance for whole 

whey protein. 

 

DC as antigen presenting cells, capture and recognize microorganisms via 

pathogen-associated-molecular-patterns (PAMPs) by Toll-Like Receptors (TLRs) [62], 

mediating tolerance [63] or activation of T-cell responses [64] to various antigens. Co-

encapsulated BLG-Pep+CpG/NP recipients showed a lower frequency of the Th2/Th17 

immune polarizing CD11b+ DC subset in the MLN [65], and a reduced expression of 

costimulatory molecules CD80/CD86 on CD11c+MHCII+ DC compared to the BLG-

Pep/NP plus CpG/NP group, suggesting a more tolerogenic DC phenotype and 

consequent constraint of Th2 immunity [66]. Programmed cell death ligand 1 (PD-L1) is 

expressed on non-lymphoid and lymphoid cells, including resting B-cells, T-cells, 

macrophages and DC, and regulates immune responses in secondary lymphoid and 

target organs [67]. In particular, expression of PD-L1 on DC was reported essential for 

inducing IL-10 secreting T-cells in vitro [68], and required for generation of adaptive 

Treg subsets both in vitro and in vivo [69]. Despite the diminished frequency of PD-L1+ 

DC in the MLN of the BLG-Pep+CpG/NP recipients, the simultaneous decreased surface 
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expression of co-stimulatory molecules CD80/CD86 was previously shown to enforce a 

tolerogenic phenotype with a reduced maturation status [70]. 

 

Given the short lifespan of DC for less than 9 days [71], we speculate that the 

general DC phenotype may have undergone epigenetic changes and form immune 

memory responses via a process known as trained immunity resulting in a more 

tolerogenic DC phenotype [72, 73]. Even though BLG-Pep+CpG/NP pretreatment 

reduced PD-L1 expression in the MLN compared to the whey-sensitized mice and the 

BLG-Pep/NP plus CpG/NP recipients, it enhanced the PD-L1 expression on splenic 

CD11b+ DC as compared to BLG-Pep/NP plus CpG/NP recipients. The latter was 

associated with an increase in the percentage of CD25+FoxP3+ Treg cells compared to 

the BLG-Pep/NP plus CpG/NP group. We hypothesize BLG-Pep+CpG/NP pretreatment 

to have instructed development of Treg that reside in the spleen, upon reactivation 

these cells may modify the phenotype of local DC resulting in enhanced PD-L1 

expression actively contributing to systemic Treg function and a tolerogenic micromilieu 

[74-77]. Alternatively, the BLG-Pep+CpG/NP pretreatment may have resulted in 

upregulation of PD-L1 on intestinal DC upon whey challenge, which than may have 

migrated via the MLN to the spleen for antigen presentation to naive CD4+ T-cells [78, 

79], inducing development of regulatory T-cell and memory T-cells [74-77]. 

 

Indeed, a high dose CpG (50 μg) was reported to enhance expression of 

indoleamine 2,3-dioxygenase (IDO) in the plasmacytoid DC [80] after ligation to the Toll-

like Receptor-9 in the endolysosomes, and hence activate a suppressor phenotype of 

Treg cells for tolerance induction [81]. Therefore, we hypothesize the PLGA 

nanoparticles co-encapsulating only 3 μg CpG and 160 μg BLG-Pep might generate a 

tolerogenic micromilieu preventing allergy development for whole whey protein via 

supporting regulatory responses. The provided dose of CpG was relatively low and 

already effective. The dose-dependency of the BLG-Pep and CpG co-encapsulated PLGA 

NP for allergy prevention and antigen-specific tolerance induction via oral delivery and 

possible uptake by plasmacytoid DC warrants further investigation. 

 

As reported, CD11b+ DCs initiate and maintain Th2 immunity towards allergens 

[82]. However, BLG-Pep+CpG/NP pretreatment upregulated PD-L1 expression on these 

conventional CD11b+ splenic DC compared to BLG-Pep/NP plus CpG/NP recipients, 

which might also have promoted Treg development and reduced Th2 immunity upon 
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re-exposure to whey allergens during sensitization and challenge stages [83, 84]. 

Indeed, BLG-Pep+CpG/NP pretreatment induced a significant diminished frequency of 

T1/ST2+ Th2 cells, and higher splenic Treg/Th2, Th1/Th2 and IL-10/IFN-� ratios 

compared to the whey-sensitized mice, which may favor a tolerogenic outcome (see 

graphical abstract Figure 6). The observed constraint of Th2 cells development might be 

attributed to the immunomodulatory effect from the co-encapsulated Type B CpG. As 

reported previously [85], systemic administered CpG reduces Th2 associated cytokines 

production without affecting Th1 cytokines in a murine asthma model. However, in the 

current study despite the decreased Th2 frequency in the CpG and peptide co-

encapsulated group, upon BLG restimulation of the splenocytes the cytokine release 

was not silenced which was the case in the whey-tolerant group (Supplemental Figure 

7). Hence, pretreatment with a single 18-AA BLG peptide may not be sufficient in 

overruling the immunogenic properties of the full immunogenic T-cell epitope 

repertoire of the BLG fraction in whey protein. 

 

Collectively, these observations provide evidence that BLG-Pep+CpG/NP 

pretreatment changes the DC phenotype, reduces Th2 development and drives towards 

a Th1 and Treg microenvironment, which might contribute to reducing allergen-specific 

CMA development.  
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Supporting Information 

Supporting Data 
Preparation and characterization of BLG-peptide and/or CpG encapsulated PLGA 

nanoparticles 

Nanoparticles were prepared with PLGA (lactide/glycolide molar ratio 50:50, 0.32-

0.48 dl/g; PURASORB PDLG 5004A, Corbion, the Netherlands) using a double emulsion 

solvent evaporation method [86]. Briefly, 160 mg PLGA was weighed and dissolved in 4 

mL dichloromethane (DCM, Biosolve BV, Valkenswaard, the Netherlands) overnight at 

room temperature. Next, 1) 3.2 mg BLG-Pep in 400 μL sterile PBS and 65 μg CpG in 50 

μL PBS for BLG-Pep+CpG/NP or 2) 400 μL PBS and 200 μg CpG in 50 μL PBS for CpG/NP 

or 3) 400 μL PBS and 50 μL PBS for Empty NP, were added dropwise into 3 mL and 1 mL 

PLGA-solutions, respectively, and sonicated using a Sonifier S-450A (3 mm, Branson 

Ultrasonics B.V., Soest, the Netherlands) at 20% amplitude for 0.5 min on ice bath. The 

obtained two water-in-oil emulsions were combined and further sonicated (at 20% 

amplitude for 0.5 min on ice bath) to yield one single water-in-oil-emulsion. 

Subsequently, the obtained water-in oil-emulsion was added dropwise into 40 mL 

external aqueous phase, containing 3 w/v % polyvinyl alcohol (87-90% hydrolyzed, Mw 

3,000-70,000 Da, Sigma-Aldrich, Zwijndrecht, the Netherlands) and 0.9 w/v % sodium 

chloride (NaCl, Sigma-Aldrich), and the obtained mixture was sonicated at 20% 

amplitude for 1 min on ice bath to yield the final water-in-oil-in-water emulsion. Finally, 

the formed emulsion was subjected to agitation for 3 h at room temperature to 

evaporate DCM and to obtain hardened PLGA NPs. The nanoparticle suspension was 

centrifuged at 20,000×g for 30 min at 4℃ and the obtained pellet was washed with 20 

mL nuclease free water (not DEPC-Treated, Invitrogen, Life Technologies, Carlsbad, USA) 

twice prior to lyophilization using a freeze dryer (Buchi Lyovapor L-200, Hendrik-Ido-

Ambacht, the Netherlands).  

 

Next, 2 μL of the prepared NP suspensions was added into 998 μL milliQ water for 

characterization of nanoparticle size and polydispersity index (PDI) with Zetasizer Nano 

S (Malvern Instruments, Malvern, UK), or transferred into 998 μL 10 mM HEPEs buffer 

(pH7.4) for characterization of surface charge of the NP formulations with Zetasizer 

Nano-Z (Malvern Instruments, Malvern, UK) respectively.  
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BLG-Pep alone were encapsulated in PLGA nanoparticles as published previously 

[12, 32]. Encapsulation efficiency of BLG-peptide in the BLG-Pep/NP was measured with 

a direct method using UPLC as published previously [32]. Encapsulation efficiency of 

CpG was quantified with a direct method. In detail, around 10-15 mg lyophilized 

CpG/NP or BLG-Pep+CpG/NP were accurately weighed and hydrolyzed in 450 μL 0.2N 

NaOH solution per 5 mg NP overnight (for 17 h) at room temperature under agitation 

until the PLGA polymers were fully hydrolyzed. Next, 22.5 μL 20×Tris-EDTA 

(ThermoFisher) buffer per 5 mg NP was added into the hydrolysis solution to stop the 

hydrolysis and additional volume of 1×Tris-EDTA buffer was added to reach 10 mg/mL 

NP-equivalent of the hydrolysis solution prior to the quantification assay for CpG using 

Quant-iT™ OliGreen™ ssDNA Assay Kit (ThermoFisher) according to the manufacturer’s 

protocol. 

 
In vitro release of BLG-Pep and CpG from PLGA nanoparticles 

The release of BLG-Pep from the PLGA NP from the animal study was determined 

as follows. Around 10 mg of freeze dried BLG-Pep/NP, CpG/NP and 20 mg BLG-

Pep+CpG/NP were accurately weighed in triplicate, prior to suspension in 500 μL 

phosphate saline buffer (PBS, pH7.4)-0.06 w/v % sodium azide (NaN3, Sigma-Aldrich) 

(release buffer) and incubation at 37°C on a nutating mixer. At different time points (at 

30 min, day 1, 7, 14, 21, 28, 35, 42 and 49 time points respectively), samples were 

centrifuged at 20,000×g at 4°C and 400 μL supernatant was withdrawn. Next, 400 μL of 

fresh release buffer was added, the pelleted NPs were resuspended and the samples 

were further incubated at 37°C on the nutating mixer.  

 

BLG-Peptide (BLG-Pep) and CpG were measured in the different release samples 

using established UPLC method as described previously [32] and Quant-iT™ OliGreen™ 

ssDNA Assay Kit (ThermoFisher) according to the manufacturer’s protocol, respectively. 

The percentage of released peptide cargo and CpG were calculated based on the 

encapsulated amount as described previously [32].  
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Supporting Figures and Tables 
Supporting Figures 

 
Supplemental Figure 1. In vitro release of β-lactoglobulin derived peptide (namely BLG-Pep) (A) and CpG (B) from 
PLGA NPs used for the animal study in PBS (pH7.4) at 37℃. The release samples were taken at 30 min, day 1, 7, 14, 
21, 28, 35, 42 and 49 time points respectively. Data are presented as mean ± SD, n=3 per formulation.  

 

 

Supplemental Figure 2. Acute allergic skin response and serum murine mucosal mast cell protease-1 (mMCP-1). 
Five days after last sensitization, mice were intradermally challenged in the ear pinnae with 10 μg whey and the 
acute allergic skin response was measured 60 min (A) afterwards. In addition, mMCP-1 (B) was quantified in the 
collected 18 h after last oral challenge with whey in mice from all groups of the animal study. Data are presented as 
mean ± SEM, n=9-10 per group except for the sham group, n=4 and whey-tolerant group, n=6. (A) is presented with 
Y axis formatted in two segments to properly show the relevant part for the window of effect. (A) is analyzed by one-
way ANOVA, followed by Bonferroni's post hoc test for selected pairs; The outlier (in red) in the BLG-Pep/NP+CpG/NP 
group is excluded in (A) from statistics; (B) is analyzed with Kruskal-Wallis' non-parametric test, followed by Dunn’s 
post hoc test for selected pairs. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; BLG, β-lactoglobulin; CT, Cholera 
toxin.  
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Supplemental Figure 3. Anaphylactic shock score and body temperature after intradermal challenge with whole 
whey protein. Body temperature and anaphylactic shock score were recorded at 0 h (A) (D), 30 min (B) (E) and 60 
min (C) (F) after intradermal whey challenge in mice from all groups of the animal study. Data are presented as mean 
± SEM for n=8-10 per group except for the sham group, n=4 and whey-tolerant group, n=5-6. (A-C) are presented 
with Y axis formatted in two segments to properly show the relevant window for shock induced body temperature 
changes. (A) is analyzed with one-way ANOVA for selected pairs after log transformation, followed by Bonferroni's 
post hoc test; (B-E) are analyzed with the Kruskal-Wallis non-parametric test, followed by Dunn's post hoc test for 
selected pairs; **p<0.01; BLG, β-lactoglobulin; CT, Cholera toxin. 

 

 

Supplemental Figure 4. BLG- and whey-specific serum immunoglobulins levels. BLG- (A-B) and whey-specific (C-D) 
IgG1 and IgG2a levels are measured in serum, which were collected 18 h after last oral challenge with whey in mice 
from all groups of the animal study. Data are presented as mean ± SEM for n=9-10 per group except for the sham 
group, n=4 and whey-tolerant group, n=6. (A-D) are analyzed with the Kruskal-Wallis non-parametric test, followed 
by Dunn's post hoc test for selected pairs; *p<0.05; BLG, β-lactoglobulin; CT, Cholera toxin. 
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Supplemental Figure 5. Cytokines production of splenocytes after ex vivo stimulation with medium or whole whey 
protein for 5 days. Th2- (A), Th1- (B), Treg- (C), and Th17- (D) associated cytokines were measured in supernatants. 
Data are presented as mean ± SEM for n=9-10 per group except for the sham group, n=4 and whey-tolerant group, 
n=6. (A-D) are analyzed with the Kruskal-Wallis non-parametric test only for whey stimulation, followed by Dunn's 
post hoc test for selected pairs; *p<0.05; CT, Cholera toxin. 
 

 

Supplemental Figure 6. Cytokines production of splenocytes after ex vivo stimulation with whole whey protein for 
5 days. Splenocytes were restimulated with medium or whole whey protein for 5 days, the medium stimulated 
cytokine release are subtracted. Th2- (A), Treg- (B), pro-inflammatory- (C) associated cytokines were measured in 
supernatants. Data are presented as mean ± SEM for n=9-10 per group except for the sham group, n=4 and whey-
tolerant group, n=6. (A), (B), (C) are analyzed with the Kruskal-Wallis non-parametric test, followed by Dunn's post 
hoc test for selected pairs; **p<0.01; CT, Cholera toxin. 
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Supplemental Figure 7. Cytokines production of splenocytes after ex vivo stimulation with β-lactoglobulin for 5 
days. Splenocytes were restimulated with medium or β-lactoglobulin for 5 days, the medium stimulated cytokine 
release are subtracted. Th2- (A and D), Th1- (B), Th17- (C),Treg- (E and G), proinflammatory (F) associated cytokines 
were measured in supernatants. Ratios of Treg-/Th2- associated (H) and Treg-/Th1-associated (I) cytokines were 
calculated. Data are presented as mean ± SEM for n=9-10 per group except for the sham group, n=4 and whey-
tolerant group, n=6. (A-I) are analyzed with the Kruskal-Wallis non-parametric test, followed by Dunn's post hoc test 
for selected pairs; *p<0.05, **p<0.01; CT, Cholera toxin. 
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Supplemental Figure 8. Gating strategy of the flow cytometry analysis of DC from mesenteric lymph nodes (MLN). 
 
 

 
Supplemental Figure 9. Gating strategy of the flow cytometry analysis of T helper 1 and 2 (Th1 and Th2) subsets 
(A) and regulatory T cells (Treg) (B) in splenocytes.  
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Supporting Tables 

Supplemental Table 1. Flow cytometry staining of T helper 1 (Th1) and T helper 2 (Th2) subsets from 
spleen 

Antibodies Supplier Cat. no. Dilution Buffer 

CD4-BV510 BioLegend 100553 1:160 1% Bovine Serum Albumin (BSA)1-Dulbecco's phosphate-
buffered saline (PBS)2 

T1/ST2-FITC mdbioproducts 101001F 1:200 1% BSA-PBS 

CXCR3-PE ThermoFisher 12-1831 1:100 1% BSA-PBS 

 
Supplemental Table 2. Flow cytometry staining of regulatory T-cells (Treg) from spleen 

Antibodies Supplier Cat. no. Dilution Buffer 

CD4-BV510 Biolegend 100553 1:160 1% Bovine Serum Albumin (BSA)1-Dulbecco's 
phosphate-buffered saline (PBS)2 

CD25-PerCP/Cy5.5 ThermoFisher 45-0251 1:1280 1% BSA-PBS 

FoxP3-FITC ThermoFisher 11-5773 1:100 Permeabilization buffer3 

 
Supplemental Table 3. Flow cytometry staining of surface activation markers staining of dendritic 
cells from spleen and mesenteric lymph node 

Antibodies Supplier Cat. no. Dilution Buffer 

MHCII-PE ThermoFisher 12-5322 1:640 1% Bovine Serum Albumin 
(BSA)1-PBS2 

CD11c-FITC ThermoFisher 11-0114 1:3200 1% BSA-PBS 

CD11b-PE/Cy7 ThermoFisher 25-0112 1:2580 1% BSA-PBS 

CD80-BV421 BioLegend 104726 1:160 1% BSA-PBS 

CD86-BV510 BioLegend 105040 1:320 1% BSA-PBS 

PD-L1-PerCP/eFluor710 ThermoFisher 46-5982 1:1000 1% BSA-PBS 

1 Bovine Serum Albumin (BSA) was purchased from Sigma-Aldrich. 

2 Dulbecco's phosphate-buffered saline (PBS) was purchased from Sigma-Aldrich. 

3 Permeabilization buffer was prepared using the FoxP3/Transcription Factor Staining Buffer Set (ThermoFisher) according to the 
protocol provided by the supplier. 
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Abstract 
Background. Our previous study demonstrated that a selected β-lactoglobulin-

derived peptide (BLG-Pep) loaded in poly(lactic-co-glycolic acid) (PLGA) nanoparticles 

protected mice against cow’s milk allergy development. However, the mechanism(s) 

responsible for the interaction of the peptide-loaded PLGA nanoparticles with dendritic 

cells (DCs) and their intracellular fate was/were elusive. Methods. Förster resonance 

energy transfer (FRET), a distance-dependent non-radioactive energy transfer process 

mediated from a donor to an acceptor fluorochrome, was used to investigate these 

processes. Results. The ratio of the donor (Cyanine-3)-conjugated peptide and acceptor 

(Cyanine-5) labeled PLGA nanocarrier was fine-tuned for optimal (87%) FRET efficiency. 

The colloidal stability and FRET emission of prepared NPs were maintained upon 144 h 

incubation in PBS buffer and 6 h incubation in biorelevant simulated gastric fluid at 37 ℃. 

A total of 73% of Pep-Cy3 NP was internalized by DCs as quantified using flow cytometry 

and confirmed using confocal fluorescence microscopy. By real-time monitoring of the 

change in the FRET signal of the internalized peptide-loaded nanoparticles, we observed 

prolonged retention (for 96 h) of the nanoparticles-encapsulated peptide as compared 

to 24 h retention of the free peptide in the DCs. Conclusions. The prolonged retention 

and intracellular antigen release of the BLG-Pep loaded in PLGA nanoparticles in murine 

DCs might facilitate antigen-specific tolerance induction. 

Keywords: cyanine-3; cyanine-5; Förster resonance energy transfer; dendritic cells; 

poly(lactic-co-glycolic acid) nanoparticles; peptide delivery  
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Introduction 
Inducing tolerance against food allergy requires the exposure of the intestinal 

immune system to specific antigens from food proteins. The intestinal mucosal immune 

system is the largest immune system in vertebrates and the ideal target site due to its 

physiological propensity in distinguishing and inducing both local and systemic 

tolerance to orally administered harmless food proteins [1]. Dendritic cells (DCs) are 

regarded as the major antigen-presenting cells to contribute to tolerance induction, as 

they regularly sample antigens from the gastrointestinal environment for presentation 

to naïve T-cells and instruct adaptive immune response or tolerance thereafter [2]. 

Indeed, van Esch et al. [3] previously reported that oral pre-exposure to partially 

hydrolyzed whey protein prior to whey sensitizations increased the percentage of 

regulatory T-cells (Treg) in the mesenteric lymph nodes, leading to a remarkedly 

reduced acute allergic skin response to whole whey protein in a murine prophylactic 

cow’s milk allergy (CMA) model. 

 

Orally delivered peptides are susceptible to degradation due to the acidic pH and 

proteolytic enzymes in the stomach, which reduce the amount of intact antigen 

presented to intestinal DC and thus compromise the tolerogenic outcome. Previously, 

Meulenbroek et al. [4] reported that oral administration of a dose of 4 mg β-

lactoglobulin-derived peptides (BLG-peptides) prior to whey sensitizations reduced the 

acute allergic skin response to whole whey protein in mice. To improve the tolerogenic 

efficacy, we reported that oral pre-exposure to poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles (NPs) encapsulating 160 μg BLG-peptides, but not an equivalent dose of 

BLG-peptides in soluble form, was effective in preventing the development of whey-

induced allergy and induced systemic specific tolerance in a prophylactic murine model 

[5]. This result suggests that PLGA NPs play a dominating role in the improvement of 

the bioavailability of the encapsulated peptide cargo by its protection against 

proteolytic degradation in the stomach [6]. 

 

Despite the fact that antigen-loaded PLGA NPs have been investigated extensively 

to trigger immune responses [7-11], only a few studies have addressed their integrity 

at an acidic pH and under proteolytic conditions in the gastrointestinal tract and their 

internalization and subsequent intracellular trafficking in dendritic cells. Meulenbroek 

et al. [4] reported that the T-cell epitope containing BLG-Pep (AASDISLLDAQSAPLRVY), 

from a selection of β-lactoglobulin-derived peptides (BLG-peptides) of 18 amino acids 
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(AAs), was recognized by a human T-cell line in vitro and instructed whey-specific 

tolerance in mice. More recently, Gouw et al. [12] identified that the BLG-Pep 

(AASDISLLDAQSAPLRVY) contains a sequence that can be presented by the most 

predominant human MHCII isotype HLR-DRB1 molecule [13]. In other words, the BLG-

Pep (AASDISLLDAQSAPLRVY) with an MHCII-restricted T-cell epitope can be presented 

by human DCs after binding to the MHCII groove. As reviewed by Holland et al. [14], the 

open-ended conformation of the MHCII binding groove consists of a core binding 9 AAs, 

which allows binding to peptides of variable lengths (ranging between 12 and 20 AAs) 

[15]. MHCII-restricted peptides contain a central binding motif in its core, while the 

amino acids of outside this core peptide region are called peptide flanking regions (PFRs) 

[14]. It was shown that the peptide backbone of the central motifs binds to the MHCII 

groove by hydrogen bonding [14]. Upon the internalization of exogenous peptides by 

DC, MHCII molecules synthesized in the endoplasmic reticulum (ER) are transported by 

exocytotic vesicles containing exogenous proteins [16]. Thereafter, the acidic pH and 

chaperone protein HLA-DM facilitate the binding of endosomal proteolyzed MHCII-

restricted peptides to the MHCII groove [17, 18]. In this process, MHCII-restricted 

peptides undergo peptide editing mediated by HLA-DM and peptide trimming, which 

determines the length of the PFRs [19, 20]. Hence, in the present study, we aimed to 

investigate the fate of internalized PLGA NPs loaded with BLG-Pep 

(AASDISLLDAQSAPLRVY) by murine DC 2.4 cells and the subsequent release of the 

loaded peptide. 

 

To this end, we applied Förster resonance energy transfer (FRET) imaging using 

dual-labeled nanocarriers, which consist of donor dye-Cy3-conjugated BLG-Pep 

encapsulated in PLGA NP labeled with the acceptor dye Cy5 covalently linked to PLGA. 

Förster resonance energy transfer (FRET) is a non-radioactive energy transfer process 

between a pair of fluorescent probes, transferring the excess energy from the excited 

donor fluorochrome to the ground state acceptor by dipole–dipole coupling [21, 22]. 

Except for the extensive overlap between the donor emission and acceptor excitation 

wavelengths, FRET efficiency depends predominantly on the distance between the 

donor and acceptor, ranging typically between 1 and 10 nm to an inverse-sixth power 

[21]. This strong distance-dependent characteristic enables the investigation of 

processes that nanoparticles undergo once taken up by cells [21]. FRET has therefore 

been employed as a tool to obtain insights into the degradation of internalized 

nanoparticles, cargo release, and particle interaction with cells [23-26]. Recent studies 
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[25, 27] reported the feasibility of obtaining insight into the intracellular fate of 

nanoparticles by FRET analysis by means of the co-encapsulation of both FRET donor 

and acceptor dyes non-covalently in PLGA NPs. Further, Zhang et al. [26] investigated 

the in vivo integrity of polymeric micelles by means of dual labeling of only the 

nanocarrier with a FRET pair dye. However, we hypothesized that the labeling of both 

the peptide cargo and PLGA nanocarriers in a covalent way could provide more valuable 

insight into the internalized PLGA nanocarriers and intracellular release of peptide 

payload. To this end, the peptide cargo was labeled with donor Cy3 and the PLGA 

nanocarrier with acceptor Cy5, and we analyzed the FRET emission upon internalization 

by dendritic cells. This could prove to be a biometric tool for understanding the 

intracellular release of loaded peptides from PLGA nanocarriers in DCs. 

 

Materials And Methods 
Materials 

Preloaded Fmoc-Tyr (tbu)-Wang resin, 9-fluorenylmethyloxycarbonyl (Fmoc)-

protected amino acids, and trifluoroacetic acid (TFA) were purchased from 

Novabiochem GmbH (Hohenbrunn, Germany). Peptide-grade dimethylformide (DMF), 

dichloromethane (DCM), piperidine, N, Nʹ-diisopropylcarbodiimide (DIC), and HPLC-

grade acetonitrile were purchased from Biosolve BV (Valkenswaard, The Netherlands). 

Ethyl cyanohydroxyiminoacetate (Oxyma pure) was purchased from Manchester 

Organics Ltd. (Cheshire, UK). Triisopropylsilane (TIPS), BioUltra-grade ammonium 

bicarbonate, polyvinyl alcohol (PVA, 87–90% hydrolyzed, Mw 30,000–70,000 Da), 

sodium chloride, Dulbecco’s Phosphate Buffered Saline (DPBS), RPMI 1640 medium, 

Fetal Bovine Serum (FBS), N, Nʹ-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide 

(NHS), triethylamine (TEA), and lithium chloride (LiCl) were purchased from Sigma-

Aldrich Chemie BV (Zwijndrecht, The Netherlands). Cyanine3-labeled Fmoc-Lysine 

(Fmoc-Lys (Cy3)-OH) was purchased from APPTec (Louisville, USA). Cy5 amine was 

purchased from Luminprobe (Hannover, Germany). Uncapped poly (DL-lactide-co-

glycolide) (PLGA-COOH) (PURASORB PDLG 5004A, lactide/glycolide 50/50, intrinsic 

viscosity 0.32–0.48 dl/g) was purchased from Corbion (Gorinchem, the Netherlands). 

Penicillin and streptomycin were purchased from Gibco (New York, USA), and 

phosphate-buffered saline (10×PBS, containing 1.37 M NaCl, 0.027 M KCl, and 0.119 M 

phosphates) was obtained from Fisher BioReagents (Pittsburgh, USA) and diluted 10 

times with Milli-Q water before use. Bovine serum albumin (BSA) was obtained from 

Sigma-Aldrich Chemie BV (Zwijndrecht, The Netherlands). Fasted-state-simulated 
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gastric fluid (FaSSGF) (pH 1.6, without pepsin) was prepared by solubilizing 80 μM NaTc 

(sodium taurocholate, Santa Cruz biotechnology, Dallas, USA), 20 μM lecithin 

(phosphatidylcholine from egg, Liphoid GmbH, Ludwigshafen, Germany), and 34.2 μM 

NaCl (Sigma-Aldrich) in Milli-Q water and adjusted to pH 1.6 with 1N HCl [28]. For the 

preparation of FaSSGF with pepsin, 0.1 mg/mL pepsin from porcine gastric mucosa 

(Sigma-Aldrich) was supplemented to the FaSSGF (pH 1.6). 

 

Solid-Phase Peptide Synthesis and Characterization 

Cy3-labeled peptide (Pep-Cy3; structure shown in Figure 1B) was obtained using a 

microwave-assisted solid-phase peptide synthesis method [29] using an H12 liberty 

blue peptide synthesizer (CEM Corporation, Matthews, USA). DMF was used as the 

coupling and washing solvent. For each coupling step, Fmoc-amino acids were activated 

by 5eq of Oxyma pure and DIC to react with the free N-terminal amino acids on the 

resin for 1 min at 90 °C. After each coupling step, the Fmoc groups were removed by 

treatment with 20% piperidine for 1 min at 90 °C. Cy3 modification of the β-

lactoglobulin-derived peptide (Figure 1A) was performed by introducing Fmoc-Lys 

(Cy3)-OH residue to the peptide sequence. TFA/H2O/TIPS (95/2.5/2.5 v/v/v) was used 

to simultaneously cleave the peptide from the resin and remove the side-chain 

protecting groups. 

 

Pep-Cy3 was purified by a Prep-HPLC using a Reprosil-Pur C18 column (10 μm, 250 

× 22 mm) and eluted with a water-acetonitrile gradient from 5 to 80% acetonitrile (10 

mM ammonium bicarbonate) in 25 min at a flow rate of 15 mL/min with UV detection 

at 220 nm. 

 

The purity of the obtained Pep-Cy3 was analyzed with ultra-performance liquid 

chromatography (UPLC) by using a BEH C18 1.7 μm column (Waters®, Milford, USA), UV 

detection at 210 nm, and fluorescence detection at λex/em = 555/570 nm. A gradient 

elution method was used with a mobile phase A (0.1% TFA, 5% acetonitrile, and 95% 

H2O) and a mobile phase B (acetonitrile). The eluent changed linearly from 20 to 40% 

mobile phase B in 6 min with a flow rate of 0.25 mL/min at 25 °C. Mass spectrometry 

(MS) analysis of the synthesized Pep-Cy3 was performed using a microTOF-Q 

instrument in positive mode. 
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Conjugation of Cy5 to PLGA-COOH 

The synthesis of PLGA-Cy5 (Figure 2A) was adapted from a method described 

previously [30]. PLGA-COOH (Mn = 13,700 g/mol according to GPC analysis using PEG 

standards, 211.4 mg) was dissolved in anhydrous DCM (100 mg/mL) at room 

temperature. Next, DCC (31.0 mg, 150 mmol) in 1 mL anhydrous DCM was added to the 

PLGA-COOH solution and stirred for 10 min. Subsequently, NHS (17.5 mg, 152 mmol) 

dissolved in 1 mL anhydrous DCM was added, and the resulting reaction mixture was 

stirred for 60 min at room temperature. Next, the formed white precipitate N, Nʹ-

dicyclohexylurea (DCU) was removed by filtration with a 0.2 μm regenerated cellulose 

(RC) membrane syringe filter (Phenomenex, Torrance, USA). The filtrated PLGA-NHS 

solution was subsequently added to a mixture of triethylamine (17.3 mg, 0.084 mmol) 

and Cy5 amine (5.0 mg, 0.0076 mmol) in 0.5 mL anhydrous DCM and stirred for 8 h at 

room temperature. Next, the synthesized PLGA-Cy5 was precipitated into 80 mL diethyl 

ether/methanol (1:1 v/v) and centrifuged at 2700× g for 10 min at 4 °C. The supernatant 

was decanted, and the precipitated product was dried under a nitrogen atmosphere for 

10 min to remove residual solvents. Next, the product was dissolved in 4 mL DMSO and 

transferred into a 3.5 kDa Spectra/Por RC membrane tube (Thermo Fisher Scientific, 

Washington, USA) for dialysis against 100 mL acetonitrile. The dialysis medium was 

refreshed daily for 7 days. The obtained PLGA-Cy5 was precipitated by dropping the 

polymer solution into 100 mL milli-Q water. The formed precipitate was collected and 

subsequently lyophilized overnight to yield PLGA-Cy5 in the form of small blue pellets. 

PLGA-Cy5 was analyzed with GPC (Waters® alliance e2695 system, Milford, USA), which 

was equipped with a UV/Vis detector (Waters® 2489) and refractive index detector 

(Waters® 2414) using DMF/10 mM LiCl as the solvent, and PEG of a defined molecular 

weight was used as calibration standards. 

 

Preparation of Nanoparticles 

A double emulsion solvent evaporation method was applied to prepare empty 

PLGA-Cy5 NP, non-labeled PLGA NP loaded with peptide-Cy3 (Pep-Cy3 NP) and PLGA-

Cy5 NP loaded with peptide-Cy3 (i.e., FRET NP) [5]. Briefly, 0.125 mL PBS (for PLGA-Cy5 

NP) or PBS containing 0.04, 0.2, 0.4, 0.6, or 0.8 mg Pep-Cy3 (corresponding to 0.1, 0.5, 

1, 1.5, or 2 wt% Pep-Cy3 NP or FRET NP) as the internal aqueous phase was added to 

1.25 mL of anhydrous DCM in which 50 mg of a blend of PLGA-Cy5 (0, 1.5, 2, 4, 7, or 9 

wt%) with PLGA-COOH was dissolved prior to sonication using a Sonifier S-450A (3 mm, 
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Branson Ultrasonics B.V., Soest, The Netherlands) at 20% amplitude for 1 min on an ice 

bath to yield a water-in-oil emulsion. Next, the emulsion was added to 12.5 mL of the 

external aqueous phase, containing 3% w/v PVA and 0.9% w/v NaCl, and the obtained 

mixture was sonicated using a Sonifier S-450A (13 mm, Branson Ultrasonics B.V.) at 20% 

amplitude for 1 min on an ice bath to yield a water-in-oil-in-water emulsion. Finally, the 

formed emulsion was stirred for 4 h at room temperature to evaporate DCM and to 

obtain hardened PLGA NPs. The nanoparticle suspension was centrifuged at 20,000× g 

for 30 min at 4 °C, and the pelleted nanoparticles were washed with 10 mL PBS twice. 

The nanoparticles were resuspended in 2 mL of Milli-Q water and lyophilized using a 

freeze dryer (Lyovapor L-200, BUCHI Corporation, New Castle, USA). 

 

Characterization of the Nanoparticles 

After the washing step, the nanoparticles pellet was resuspended in 2 mL of Milli-

Q water (in Section Preparation of Nanoparticles), from which a 6 μL nanoparticle 

suspension was added to 1994 μL of Milli-Q water for the characterization of 

nanoparticle size and polydispersity index (PDI) using Zetasizer Nano S (Malvern 

Instruments, Malvern, UK). 

 

In addition, 100 μL of 100 mM HEPES buffer (pH 7.4) was added into a 900 μL 

nanoparticles suspension in Milli-Q water for measurement of the zeta potential of 

nanoparticles, using Zetasizer Nano-Z (Malvern Instruments, Malvern, UK). 

 

To avoid possible inaccuracy caused by the overlapping emission of the laser of the 

Zetasizer Nano S with Cy5 absorption [31], the size of Cy5-labeled NP was also measured 

using Nanosight LM14 (Malvern Instruments, Malvern, UK). 

 

Peptide Encapsulation Efficiency 

The encapsulation efficiency of Pep-Cy3 was determined using an indirect method 

[32]. The supernatants collected from the washing steps were filtered using a 0.2 μm 

RC syringe filter (Phenomenex) prior to Acquity ultra-performance liquid 

chromatography (UPLC) analysis. The Pep-Cy3 concentration of the collected filtered 

aqueous phases was determined using a BEH C18 1.7 μm column (Waters) and UV 

detection at 210 nm and fluorescence detection at λex/em = 555/570 nm. A gradient 

elution method was used with mobile phase A (0.1% TFA, 5% acetonitrile, and 95% H2O) 
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and mobile phase B (0.1% TFA and acetonitrile). The eluent changed linearly from 20 to 

40% mobile phase B in 6 min with a flow rate of 0.25 mL/min at 25 ℃. 

 

Peptide standards (1–100 μg/mL Pep-Cy3, 7.5 μL injection volume) dissolved in 

mobile phase A were used for calibration. The encapsulation efficiency (EE) of Pep-Cy3 

in PLGA NP is defined as the amount of encapsulated peptide (which equals the weight 

of peptide in the feed minus the weight of quantified non-encapsulated peptide) 

divided by the weight of peptide used for the preparation of the loaded NPs (Equation 

(2)) [32]. The loading capacity of Pep-Cy3 in PLGA NP is reported as the weight of the 

encapsulated peptide divided by the weight of the peptide-loaded NPs (Equation (3)) 

[33]. 

Encapsulation EfAiciency (EE) (%) = >+3?@'BDDF GDGHIFD : >+3?@'JKJMDJNOGPQROHDF GDGHIFD 
>+3?@'BDDF GDGHIFD

 × 100%, (2) 

Loading Capacity (LC) (%) = >+3?@'DJNOGPQROHDF GDGHIFD
>+3?@'  #* &-&#/-4'3,1+0 × 100%, (3) 

 

Fluorescence Characteristics of Labeled Nanoparticles 

Steady-state fluorescence was measured in semi-micro cell quartz cuvettes (10 × 4 

× 45 mm, Hellma™ Suprasil™, Thermo Fisher Scientific) in a PCT-818 Automatic 4-

position Peltier cell changer equipped Jasco Spectrofluorometer FP-8300 (Easton, USA), 

from 1 mL 0.5 mg/mL PLGA-Cy5 NP (containing 1.5–9 wt% of Cy5-labeled PLGA), Pep-

Cy3 NP (0.1–2 wt% feed Pep-Cy3), or FRET NP (1 wt% feed Pep-Cy3, 1.5–9 wt% PLGA-

Cy5) in PBS (pH 7.4). Briefly, the Cy3 fluorophore was excited at λex = 555 nm using a 

wavelength width of 5 nm, and the Cy3 fluorescence was recorded at λem = 570 nm. The 

Cy5 fluorophore was excited at λex = 646 nm, and fluorescence emission was recorded 

at λem = 662 nm, using a wavelength width of 5 nm. FRET fluorescence spectra at λem = 

570–900 nm were recorded for 0.5 mg/mL FRET NP (1 wt% feed Pep-Cy3 and 1.5–9 wt% 

PLGA-Cy5) and PLGA-Cy5 NP as the control (containing 1.5–9 wt% PLGA-Cy5) by the 

excitation of Cy3 at λex = 555 nm using a wavelength width of 5 nm. 

 

Fluorescence Intensity of Labeled PLGA NP in PBS or Fasted-State-Simulated Gastric 

Fluid 

The fluorescence intensity of PLGA-Cy5 NP (9 wt% PLGA-Cy5) and FRET NP (0.8:1, 

i.e., 1 wt% Pep-Cy3, 9 wt% PLGA-Cy5) was monitored upon incubation at 37 ºC for 144 

h in PBS or fasted-state-simulated gastric fluid (FaSSGF) [28]. Briefly, lyophilized 

fluorescently labeled PLGA NPs were suspended at 0.2 mg/mL in PBS (pH 7.4), FaSSGF 

(pH 1.6, with pepsin), or FaSSGF (pH 1.6, without pepsin). Next, 1 mL of NP samples was 
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pipetted into semi-micro cell quartz cuvettes (10 × 4 × 45 mm, Hellma™ Suprasil™) and 

closed with a lid for incubation at 37 ºC. At different time points (after 0.5, 2, 4, 24, 48, 

120, and 144 h), the fluorescence emission of Cy5 and FRET was recorded using Jasco 

Spectrofluorometer FP-8300. 

 

Culture of Human-Monocytes-Derived Dendritic Cells (moDC) 

Freshly donated and condensed blood (buffy coat) (time between donation and 

experiments was 24 h at most) was obtained from the Dutch blood bank (Amsterdam, 

The Netherlands). A total of 25 mL of fresh human blood was diluted with the same 

volume of DPBS-2% FBS at room temperature and slowly transferred into Leucosep 

tubes (VWR, Radnor, USA), followed by centrifugation for 13 min at 1000× g at room 

temperature with slow acceleration and deceleration. Subsequently, the interface 

containing the peripheral blood mononuclear cells (PBMCs) was centrifuged for 5 min 

at 1800 rpm at room temperature, and the supernatant was removed. A total of 50 mL 

of DPBS-2% FBS was added to resuspend the pellets, and centrifugation was repeated 

4 times until the supernatant was clear. Next, 5 mL of the lysis buffer (8.3 g/L NH4Cl, 1 

g/L KHCO3, and 37 mg/L EDTA), filtered using a sterile 0.22 μm syringe filter (Cellulose 

Acetate, Whatman™, GE Healthcare Life Sciences, Thermo Fisher Scientific), was added 

to the pellets and incubated for 4 min on ice to lyse the erythrocytes. Afterward, the 

obtained PBMC pellet was resuspended in RPMI 1640 medium-10% FBS-1% 

penicillin/streptomycin and counted using a cell counter (Z1 Coulter Particle Counter, 

Beckman Coulter™, Indianapolis, USA) prior to the isolation of monocytes by negative 

selection with human Monocyte Isolation Kit II and MACS column and MACS separator. 

Per donor, 1 × 106 monocytes per 1 mL were cultured in the presence of 100 ng/mL 

human recombinant IL-4 and 60 ng/mL recombinant human GM-CSF to induce 

differentiation into immature-monocytes-derived dendritic cells (moDC) in 6-well 

suspension culture plates (Greiner Bio-one, Solingen, Germany) and incubated at 37 °C 

and 5% CO2. On days 3 and 6, half of the medium was withdrawn and replaced with 

fresh medium containing 100 ng/mL IL-4 and 60 ng/mL GM-CSF. 

 

Culture of Murine Bone-Marrow-Derived Dendritic Cell Line DC 2.4 

Immortalized murine bone-marrow-derived dendritic cell line DC 2.4 (Merck, 

Kenilworth, USA) was cultured in a T75 flask with RPMI 1640 medium-10% FBS 

supplemented with 10 μM β-mercapoethanol, 1 × L-glutamine solution, 1 × trypsin-
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EDTA solution, MEM non-essential amino acids, and 1 × HEPES solution according to the 

supplier’s instructions. 

 

Internalization of Pep-Cy3/NP by Human moDC Determined by Fluorescence 

Microscopy and Flow Cytometry 

A suspension of Pep-Cy3 NP (with 2 wt% feed Pep-Cy3) dispersed in RPMI 1640 

medium-10% FBS-1% penicillin/streptomycin at a concentration of 1 mg/mL was 

filtered using a 0.2 μm RC membrane filter (Phenomenex). The concentration of the 

filtrated fluorescent NP suspension was determined after 5 times of dilutions in the 

RPMI 1640 medium-10% FBS-1% penicillin/streptomycin by measuring the Cy3 

fluorescence using Jasco Spectrofluorometer FP-8300. After 7 days of differentiation as 

indicated in Section Culture of Human-Monocytes-Derived Dendritic Cells (moDC), 

immature human moDC of 3 healthy donors were seeded at a density of 2.5 × 105 cells 

per well in a 96-well cell culture plate. On day 7, the immature moDC were incubated 

with medium or 0.060 mg/mL Pep-Cy3 NP (2 times diluted as indicated in Supplemental 

Table S1) in 250 μL RPMI 1640 medium-10% FBS-1% penicillin/streptomycin and 

incubated at 37 °C and 5% CO2 for 2.5 and 18.5 h, respectively. After incubation, the 

cells were transferred from the wells into a 15 mL falcon tube and washed twice with 7 

mL RPMI 1640 medium-10% FBS-1% penicillin/streptomycin by using centrifugation at 

300× g for 5 min at room temperature. Approximate 60 μL of RPMI 1640 medium-10% 

FBS-1% penicillin/streptomycin was added to the cells prior to Yokogawa imaging as 

described in Section Cellular Uptake and Intracellular Trafficking of Nanoparticles by 

Murine DC 2.4. 

 

In parallel, cellular uptake of Pep-Cy3 NP by the immature moDC was quantified 

using flow cytometry. The cells were seeded at a density of 2 × 105 cells per well in a 48-

well cell culture plate and subsequently incubated at 37 °C and 5% CO2 for 2.5 h with 

medium or 0.060 mg/mL Pep-Cy3 NP (2 times diluted as indicated in Supplementary 

Table S1) in 200 μL of RPMI 1640 medium-10% FBS-1% penicillin/streptomycin. Next, 

the cells were transferred into a 15 mL falcon tube and washed twice with 7 mL RPMI 

1640 medium-10% FBS-1% penicillin/streptomycin by using centrifugation at 300× g for 

5 min at room temperature. Prior to flow cytometry analysis, the viability of the cells 

was determined by staining them with the fixable viability dye eFluor™780 (at 2000 

times dilution in DPBS) (Thermo Fisher Scientific) and incubated on ice for 30 min. To 

avoid non-specific binding between the Fc domain of the IgG antibodies and the Fc 
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receptors expressed on human moDC, the cells were incubated with 25 μL 1% human 

Fc-blocking antibody (BD Biosciences) in DPBS-1 % bovine serum albumin (BSA)-2% FBS 

buffer per well for 10 min at 4 °C [34]. For characterization of human CD11c+CD14- 

moDC, the cells were incubated with CD11c-PerCP/eFluor 710 (at 640 times dilution) 

(Thermo Fisher Scientific) and CD14-eFluor450 (at 100 times dilution) (BD Biosciences) 

in DPBS-1 % BSA buffer for 45 min at 4 °C in the dark. Cells were analyzed with a BD 

FACSCantoII flow cytometer (Becton Dickinson, Franklin Lakes, USA). Data analysis was 

conducted with FlowLogic software (Inivai Technologies, Mentone, Australia). 

 

Cellular Uptake and Intracellular Trafficking of Nanoparticles by Murine DC 2.4 

Murine immortalized dendritic cells DC 2.4 were seeded at a density of 5 × 104 per 

well and cultured in a 96-well light-proof plate for 2 days at 37 °C in 250 μL RPMI 1640 

to reach a density of approximately 2 × 105 cells per well. For reasons explained in 

Section Internalization of Pep-Cy3/NP by Human moDC Determined by Fluorescence 

Microscopy and Flow Cytometry, the different NP suspensions of PLGA-Cy5 NP (9 wt% 

labeled polymer), Pep-Cy3 NP (1 wt% feed Pep-Cy3), or FRET NP 0.8:1 (1 wt% Pep-Cy3:9 

wt% PLGA-Cy5) dispersed in RPMI 1640 medium at a concentration of 0.5 mg/mL were 

filtered using a 0.2 μm RC membrane filter (Phenomenex) to remove NP with a size 

above 200 nm. The concentration of particles in the filtrated fluorescent NPs 

suspensions was determined by measuring the Cy3 and Cy5 fluorescence using Jasco 

Spectrofluorometer FP-8300. 

 

DC 2.4 cells were rinsed twice with DPBS prior to the addition of 200 μL of the 

filtered fluorescent NP suspension or a solution of the Pep-Cy3 (concentration 1 μg/mL, 

equivalent concentration as in the FRET NP suspension) in RPMI 1640 medium to the 

wells. After 2.5 h incubation at 37 ºC, the nuclei of the DC 2.4 cells were stained with 

the dye Hoechst 33342 (5 μg/mL) for 15 min at 37 ºC. Subsequently, the stained cells 

were rinsed 3 times using 200 μL PBS to remove the extracellular dye and the non-

internalized nanoparticles. Finally, live imaging of the cellular uptake and intracellular 

trafficking of fluorescent nanoparticles by the nuclei-stained cells over 144 h at 37 ºC in 

RPMI 1640 medium was conducted using a confocal laser scanning microscope system 

(Cell Voyager CV7000S, Yokogawa Electric, Tokyo, Japan) at excitation at 405 ± 5 nm 

(Hoechst), 561 ± 2 nm (Cy3 or FRET), or 640 ± 4.5 nm (Cy5). Live confocal images were 

acquired using a water immersion lens 60× objective and emission band-pass filters: 

BP525/50 (Bright field, confocal path), BP445/45 (Hoechst), BP600/37 (Cy3), and 
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BP676/29 (Cy5 or FRET). Compensation for non-specific fluorescence of the different 

images was conducted for cells incubated with medium, 1 wt% Pep-Cy3 NP, 9 wt% 

PLGA-Cy5 NP, and FRET NP (0.8:1, 1 wt% Pep-Cy3:9 wt% PLGA-Cy5) using Columbus 

Image Data Storage and Analysis System (http://columbus.science.-uu.nl). 

 

Results And Discussion 
Preparation and Characterization of the Cy3-Labeled β-Lactoglobulin-Derived Peptide 

and Cy5-Labeled PLGA 

The Pep-Cy3 (Figure 1B) was prepared by the solid phase method [35] and purified 

by preparative HPLC. Ultra-performance liquid chromatography (UPLC) analysis 

demonstrates that the purified peptide is predominantly a single entity, using UV and 

fluorescence detection (98.6% purity, Figure 1C). The high-resolution mass 

spectrometry (MS) analysis (Figure 1D) showed masses of (M2+) = 1172.6 and (M3+) = 

782.1 for the purified Pep-Cy3, which is in accordance with its theoretical mass of 

2344.6 g/mol. This result demonstrates the successful synthesis and purification of the 

Pep-Cy3. Of note, the modification of BLG-Pep by dye conjugation would inevitably 

influence its physicochemical properties. Importantly, the conjugation of a fluorescent 

dye to the N- or C-terminus of the peptide sequence will alter the resultant charge of 

the peptide (+1 or -1, respectively), which might influence intracellular processing. 

Therefore, the hydrophobic aliphatic amino acid leucine located in the middle of the 

BLG-peptide was substituted by a lysine-Cy3 residue, without alteration of the peptide 

backbone or overall charge. 
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Figure 1. Structures of parent β-lactoglobulin-derived pep
de (A) and Pep-Cy3 (B), UPLC chromatograms of Pep-Cy3 
(C) used for determina
on of purity using UV detec
on at 210 nm (blue curve) and fluorescence detec
on at λex/em = 
555/570 nm (red curve) and (D) molecular mass of the synthesized Pep-Cy3 by mass spectrometry (Theore
cal mass 
= 2343.3 g/mol; mass found (M2+) = 1172.6 and (M3+) = 782.1; and calculated mass = 2343.2 g/mol or 2343.3 g/mol). 

 
Cy5 was conjugated to PLGA-COOH by using carbodiimide/NHS chemistry as 

described previously [30] (Figure 2A). Gel permeation chromatography (GPC) of the 

synthesized PLGA-Cy5 showed overlapping peaks at the same retention time when 

using the refractive index (RI) and UV detection at 650 nm (Figure 2B,C, respectively), 

while no free dye was detected (Figure 2C), which demonstrates the successful 

conjugation of the acceptor dye Cy5 to PLGA-COOH. 
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Figure 2. Synthesis and characterization of PLGA-Cy5. (A) Synthesis route of PLGA-Cy5 by conjugation of Cy5 amine 
to PLGA-COOH using carbodiimide/NHS chemistry. GPC analysis of PLGA-Cy5 conjugate (blue) and free Cy5 (red) by 
using refractive index (RI) detection (B) and UV detection at 650 nm (C). 

 

Characteristics of Single- and Dual-Labeled PLGA Nanoparticles 

The average NP diameter of fluorescent NPs ranged between 340 and 620 nm 

(Table 1). Positive correlations were found between fluorescence intensities and 

weight % of PLGA-Cy5 or Pep-Cy3, as well as the concentrations of the PLGA-Cy5 NPs 

and Pep-Cy3 NPs suspensions (Supplemental Figure S1). The fluorescence intensity of 

Cy3 or Cy5 leveled off with increasing particle concentration (Supplemental Figure S1) 

likely due to self-quenching. As reported in previous studies [25, 36], this self-quenching 

phenomenon is dye-concentration-dependent. To avoid this self-quenching, NPs 

prepared with a fixed amount of 1 wt% Pep-Cy3 in the feed were selected for the 

preparation of FRET NPs containing 1.5–9 wt% PLGA-Cy5, corresponding to molar feed 

ratios of donor dye (Cy3) /acceptor dye (Cy5) (D/A) ranging from 5:1 to 0.8:1. 

Furthermore, to reduce the particle size, the PLGA concentration in DCM was lowered 

from 50 to 40 mg/mL, which decreased the average diameter of the obtained NPs from 

503 to 342 nm, except for the 7 and 9 wt% PLGA-Cy5 NP (Table 1). The latter NPs had 

significantly larger diameters of 600–631 nm (with PDI of 0.21-0.29). Nanosight 

measurements showed significantly smaller mean diameters of the NP, i.e., 361 nm and 
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170 nm, for the particles with 7 and 9 wt% PLGA-Cy5 NP, respectively, while FRET NP 

0.8:1 containing an equivalent weight percentage of PLGA-Cy5 (9%) showed a similar 

NP size of ~230 nm when using DLS and Nanosight measurements (Table 1). Therefore, 

the discrepancy in the NP size of 7 and 9 wt% PLGA-Cy5 NP might be attributed to their 

size distribution that more strongly influences the DLS outcome than for Nanosight [37]. 

Consistent with our previous study [5], the zeta potentials of the fluorescent NPs (Table 

1) ranged from −0.5 to −4.7 mV, demonstrating that they all have close-to-neutral 

surface charges. 

 
Table 1. Characteris
cs of Pep-Cy3, PLGA-Cy5 and FRET nanopar
cles. 

Formulation 
(n = 1) 

Nanosight 
Analysis 1 Zetasizer Nano S 2 Zeta-

Potential 

(mV)  

EE 3 

(%) 
LC 4 
(%) 

Actual Molar 
Ratio  

Pep-Cy3: 
PLGA-Cy5 

Yield 
(%) EPR 5 (%) 

Dh (nm) Dh (nm) PDI 

0.1% Pep-Cy3 NP * - 616 ± 24 0.15 ± 0.06 −2.5 ± 0.1 - -  63 - 
0.5% Pep-Cy3 NP * - 463 ± 19 0.22 ± 0.01 −2.1 ± 0.2 31 0.16  82 - 
1% Pep-Cy3 NP * - 338 ± 10 0.15 ± 0.01 −1.9 ± 0.4 31 0.31  73 - 

1.5% Pep-Cy3 NP * - 526 ± 10 0.20 ± 0.04 −1.8 ± 0.1 44 0.66  62 - 
2% Pep-Cy3 NP * - 574 ± 22 0.15 ± 0.02 −2.1 ± 0.2 51 1.02  77 - 
Empty PLGA NP 291 ± 5 358 ± 5 0.13 ± 0.01 −2.5 ± 0.4 - -  73 - 

1.5% PLGA-Cy5 NP 330 ± 7 345 ± 5 0.09 ± 0.05 −2.6 ± 0.3 - -  73 - 
2% PLGA-Cy5 NP 304 ± 14 372 ± 9 0.12 ± 0.02 −2.5 ± 0.3 - -  85 - 
4% PLGA-Cy5 NP 309 ± 3 249 ± 6 0.08 ± 0.01 −3.2 ± 0.5 - -  66 - 
7% PLGA-Cy5 NP 361 ± 10 600 ± 6 0.29 ± 0.01 −2.5 ± 1.6 - -  66 - 
9% PLGA-Cy5 NP 170 ± 21 631 ± 5 0.21 ± 0.01 −2.1 ± 0.3 - -  68 - 
1% Pep-Cy3 NP 260 ± 12 253 ± 2 0.08 ± 0.02 −2.7 ± 0.3 30 0.30  56 - 
FRET NP 0.8:1 

(1% Pep-Cy3: 9% PLGA-Cy5) 
227 ± 26 236 ± 3 0.05 ± 0.01 −2.1 ± 0.3 70 0.70 0.56:1 38 60 

FRET NP 2:1 
(1% Pep-Cy3: 4% PLGA-Cy5) 

276 ± 5 240 ± 4 0.10 ± 0.03 −2.5 ± 0.5 24 0.24 0.43:1 48 26 

FRET NP 4:1 
(1% Pep-Cy3: 2% PLGA-Cy5) 

295 ± 8 259 ± 2 0.09 ± 0.02 −2.6 ± 0.4 30 0.30 1.11:1 60 16 

FRET NP 5:1 
(1% Pep-Cy3: 1.5% PLGA-Cy5) 

265 ± 6 217 ± 6 0.07 ± 0.04 −3.7 ± 1.0 16 0.16 0.77:1 58 14 

* Formula
ons marked with * were prepared with 50 mg/mL PLGA in DCM, and the other formula
ons without * were prepared 
with 40 mg/mL PLGA in DCM. Percentages men
oned are the weight% of labeled compound within the nanopar
cles. 1 
Measurement of hydrodynamic diameter (Dh) in quintuplicate. 2 Measurement in triplicate (Dh: hydrodynamic diameter; PDI: 
Polydispersity Index). 3 EE: Encapsula
on Efficiency. 4 LC: Loading capacity. 5 EPR: FRET Proximity Ra
o (Ra
ometric FRET efficiency). 

The encapsula
on efficiency and loading capacity of the NPs increased with increasing feed ra
os from 31 to 51% and 0.16 
to 1.02%, respec
vely (Table 1). Similarly, the FRET NPs (Table 1) showed encapsula
on efficiencies of the Pep-Cy3 ranging from 16 
to 70%, with corresponding loading capaci
es ranging from 0.16 to 0.70%. The obtained pep
de encapsula
on and loading 
efficiencies are in agreement with our previous study [5]. 

 
Optimization of FRET Efficiency of the NPs Labeled with the Cy3 and Cy5 

The spectra shown in Figure 3 were obtained by irradiating 0.5 mg/mL fluorescent 

NPs suspensions, namely the single-dye-labeled NPs (labeled with only Pep-Cy3 or 

PLGA-Cy5) and the FRET NPs (dual-labeled with both Pep-Cy3 and PLGA-Cy5), in PBS (pH 

7.4) at the excitation wavelength of the donor dye Cy3 at λex = 555 nm. As expected, 1 

wt% Pep-Cy3 NP and 9 wt% PLGA-Cy5 NP showed low FRET emission at 662 nm upon 

excitation at 555 nm (i.e., red and black curves in Figure 3, respectively). Importantly, 

FRET peaks were clearly observed for Pep-Cy3 loaded in Cy5-labeled NPs prepared with 
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different feed ratios of donor-dye-labeled peptide cargo and acceptor-dye-labeled 

PLGA (see FRET NP in Figure 3) upon excitation at 555 nm and emission at 662 nm. 

 
Figure 3. Fluorescence spectra in PBS (pH 7.4) at λex = 555 nm: 0.5 mg/mL 9% PLGA-Cy5 NP (containing 9 wt% labeled 
polymer), 1% Pep-Cy3 NP (containing 1 wt% feed Pep-Cy3), and FRET NP (containing 1 wt% feed Pep-Cy3 and 1.5–9 
wt% PLGA-Cy5). 
 

To compare the ratiometric FRET efficiency of the FRET NPs of different feed 

Cy3/Cy5 molar ratios, the FRET proximity ratio (EPR) was calculated according to the 

Equation (1) [38]: 

STU = VW
VWXVY

, (1) 

Herein, Z[ is acceptor dye Cy5 emission fluorescence intensity, and Z\ is donor dye Cy3 

emission fluorescence intensity upon excitation of the donor dye. 

 
As seen in Table 1, the FRET NPs showed increasing EPR with decreasing D/A molar 

ratio up to 60% for particles prepared with a feed ratio of 1 wt% Pep-Cy3 and 9 wt% 

PLGA-Cy5 (i.e., 0.8:1, feed molar ratio of D/A). According to the encapsulation efficiency 

of Pep-Cy3, the actual D/A molar ratio of the FRET pair (Cy3/Cy5) in the FRET NP 

prepared with a feed ratio of 0.8:1 was 0.56:1 (Table 1), which resembles the highest 

FRET efficiency from a D/A ratio of about 0.5:1 as found in a previous study [39]. It is 

indeed likely that the highest loading capacity of Pep-Cy3 of 0.7% and highest weight 

percentage of PLGA-Cy5 of 9 wt% among the PLGA NPs in FRET NP 0.8:1 of similar NP 

size (~250 nm) concomitantly enhanced the FRET efficiency (EFRET). In addition, the 

actual FRET efficiency EFRET of FRET NP 0.8:1 was 87%, from which the average 

separation distance of the donor and acceptor dye was calculated as 3.6 nm (see 

Supplemental Materials for the corresponding calculations). In the remainder of this 
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paper, we used the NPs with this highest FRET efficiency, namely FRET NPs containing 

the 0.8:1 D/A ratio (i.e., including 1 wt% Pep-Cy3 and 9 wt% PLGA-Cy5). With the control 

Pep-Cy3 NPs, we refer to NPs loaded with 1 wt% Pep-Cy3, while PLGA-Cy5 NPs 

contained 9 wt% of the Cy5-labeled PLGA. 

 
Colloidal Stability and Time-Dependent Fluorescence of Labeled PLGA NP in PBS and 

Biorelevant Fasted-State-Simulated Gastric Fluid 

The colloidal stability (size and polydispersity) of a suspension of empty PLGA NP 

was determined in three different media. Neither changes in the NP size nor in 

polydispersity (PDI) of the PLGA NPs were observed in the different media over 168 h 

(Supplemental Figure S2A,B, blue and red and black curves, respectively), in accordance 

with a previous study [40]. The fluorescence stability of Pep-Cy3 NP, PLGA-Cy5 NP, and 

FRET NP was determined in the same media. 

 

Supplemental Figure S3 shows the fluorescence spectra upon excitation at 555 nm 

at t = 0 h (top panels), which all have similar shapes and intensities in the different 

media. Upon incubation for 144 h in PBS (Figure 4C), the FRET peak at 662 nm of the 

FRET NP (black line) decreased to 72% of the initial value. The kinetics of this decrease 

is shown in Figure 4C (black squares), which was accompanied by a simultaneous 

increase in Cy3 fluorescence to 153% (Figure 4A, black dots) and a drop in Cy5 

fluorescence intensity to 62% (Figure 4B, black stars) of their initial values. Similar 

results were obtained with the single-dye-labeled NP; the Cy3 fluorescence of Pep-Cy3 

NP increased as well (by 115%, Figure 4A, red dots), whereas the Cy5 fluorescence of 

PLGA-Cy5 NP (Figure 4B, blue stars) decreased to 65% of its initial value in PBS. 

 

Figure 4. Fluorescence intensity of 0.2 mg/mL 1 % Pep-Cy3 NP, 9% PLGA-Cy5 NP and FRET NP 0.8:1 (1 wt% Pep-Cy3:9 
wt% PLGA-Cy5) incubated in PBS (pH 7.4) for 144 h at 37 ℃. From le� to right: fluorescence intensity of (A) Cy3 (λex/em 

= 555/570 nm), (B) Cy5 (λex/em = 646/662 nm), and (C) FRET (λex/em = 555/662 nm). 
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In our recent study [41], the non-labeled BLG-peptide-loaded PLGA NP showed a 

burst release of 17% loading, followed by a slow release to 21% of the loading during 

the first 7 days in PBS at 37℃. This indicates that Pep-Cy3 in the present study, in line 

with the previous findings, was partly released from the PLGA NPs. Recently, Yang et al. 

[36] reported dequenching of Dil fluorescence mediated by the release of the Dil dye 

loaded in Cy5-labeled PLGA NP. In line with the study of Yang et al. [36], the observed 

increase in Cy3 fluorescence of both Pep-Cy3 NP and FRET NP probably points to the 

dequenching of Cy3 fluorescence due to the release of Pep-Cy3 from the PLGA NP. The 

release of Pep-Cy3 also resulted in less donor dye present in proximity (less than 10 nm) 

of the acceptor dye (Cy5)-conjugated PLGA matrix and explains the lower FRET 

fluorescence intensity over 144 h as shown in Figure 4C (black squares). 

 

Figure 5. Fluorescence intensity of 0.2 mg/mL 1% Pep-Cy3 NP, 9% PLGA-Cy5 NP, and FRET NP 0.8:1 (1 wt% Pep-Cy3:9 
wt% PLGA-Cy5), incubated for 6 h at 37 °C in FaSSGF (pH 1.6, with pepsin) (A–C) and in FaSSGF (pH 1.6, without 
pepsin) (D–F). From le� to right: fluorescence intensity of Cy3 (λex/em = 555/570 nm), Cy5 (λex/em = 646/662 nm), and 
FRET (λex/em = 555/662 nm). 
 

To investigate the integrity and stability of the nanoparticles in biorelevant 

simulated gastric fluid, FRET NP and its single-labeled controls were incubated for 6 h 

in FaSSGF (pH 1.6, with or without pepsin) to predict their integrity during gastric 

passage. Figure 5C shows that upon incubation of the NPs in FaSSGF with pepsin, the 

fluorescence FRET intensity of the FRET NP (black squares) decreased slightly during 6 

h of incubation to 86% of the initial value, accompanied by a decrease in the 

fluorescence intensity of Cy3 to 70% (Figure 5A) and of Cy5 to 82% of the initial value 

(Figure 5B). Similarly, when incubated for 6 h in FaSSGF without pepsin (Figure 5F), the 
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FRET fluorescence signal of the FRET NP decreased to 91% of the initial value, the 

fluorescence intensity of Cy3 to 74% (Figure 5D), and that of Cy5 to 85% of the initial 

value (Figure 5E). This means that the FRET NPs have sufficient stability to survive 

gastrointestinal conditions after oral administration and to reach their target, namely 

the intestinal dendritic cells. 
 

Cellular Uptake of FRET NPs by Human Immature moDC and Their Intracellular 

Trafficking in Murine Dendritic Cells DC 2.4 

Cellular uptake of antigen-encapsulated PLGA nanocarriers by human and murine 

DCs is critical for the effective modulation of the innate and adaptive immune response 

[8] and induction of allergen-specific tolerance [42]. Thus, we investigated the cellular 

uptake of FRET NP by both primary human moDC and human immature moDC cells. 

 

Initially, we investigated the uptake of nanoparticles containing only the Cy3 label 

(on the peptide) by human immature moDC. Figure 6A,B show that the Pep-Cy3 NP did 

neither affect the cell viability nor the percentage of CD11c+CD14- moDC, as compared 

to control cells that were exposed to the medium only. This demonstrates that the 

particles have good cytocompatibility at concentrations below or equal to 0.1 mg/mL 

NP, as also reported by Kostadinova et al. [43]. In line with the previous finding of 

Waeckerle-Men et al. [44] that human immature moDC are capable of internalizing 

PLGA particles, flow cytometry analysis showed that 73% of the CD11c+CD14- moDC 

were positive for the Cy3 fluorescence signal (Figure 6C). 

 
Figure 6. Flow cytometry data of human immature moDC a�er 2.5 h incuba
on with 0.06 mg/mL 2% Pep-Cy3 NP at 
37 °C. Percentages of viable cells (A), CD11c+CD14- human moDC viable cells (B), and cellular uptake (Cy3-posi
ve 
CD11c+CD14- cells) (C) were gated using medium-treated human immature moDC as control in the flow cytometry 
analysis. Data are presented as mean±SEM, n = 3. Human immature moDC were derived and cultured from three 
different donors. 
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In parallel, confocal fluorescence microscopy (CFM) images of these cells incubated 

with only the medium (Figure 7A) and Pep-Cy3 NP (Figure 7B) confirmed the 

internalization of Pep-Cy3 NP after 2.5 h of incubation and showed even higher 

brightness after 18.5 h of incubation (Figure 7C). 

 

 
Figure 7. Representa
ve fluorescent microscopy images of cellular uptake of 2% Pep-Cy3 NP (0.06 mg/mL) by day 7 
human moDC: medium-treated control (A) and internalized 2% Pep-Cy3 NP a�er (B) 2.5 and (C) 18.5 h of incuba
on 
at 37 °C; bars indicate 20 μm. 

 
As compared to the primary suspension culture of human moDC, the less costly and 

more accessible immortalized murine DC 2.4 cell line was selected for further 

investigations of intracellular trafficking of PLGA nanoparticles and encapsulated 

peptide. Murine DC 2.4 cells were incubated with PLGA-Cy5 NP, Pep-Cy3 NP, and FRET 

NP and imaged by CFM. It is noted that non-internalized particles of >200 nm could not 

be separated from the moDC by washing and centrifugation at 300× g. Likely, these 

bigger particles co-sediment with the cells during centrifugation. Therefore, the 

nanoparticles were filtered before exposure to the cells, using a 0.2 μm RC membrane 

filter. As shown in Supplemental Table S2, some fluorescence was lost after filtration of 

the 0.5 mg/mL Pep-Cy3 NP and FRET NP; 0.9 μg/mL of encapsulated Pep-Cy3, 

corresponding with particle concentrations of 0.30 and 0.14 mg/mL, respectively, 

remained in the samples after filtration. Therefore, for proper comparison with free 
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Pep-Cy3 controls, we applied 1 μg/mL of the free peptide in the following experiments. 

Even more of the PLGA-Cy5 NP suspension was lost after filtration (Supplemental Table 

S2) due to their larger mean NP size (631 nm as compared to 236 nm for the FRET NP), 

resulting in 0.03 mg/mL PLGA-Cy5 NP, which is much lower than 0.14 mg/mL for the 

FRET NP. This might explain the discrepancy of Cy5 fluorescence intensity observed for 

cells incubated with the PLGA-Cy5 NP and FRET NP at 2 h after incubation, as shown in 

the top panels of Figure 8B and the zoomed-out images in Supplemental Figure S4A. 

 

First, images were taken after 2.5 h of exposure of the murine DCs with the NPs, 

washing, and 2 h of further incubation (top panels of Figure 8B). These images show 

partial accumulation and heterogeneous distribution of Cy3 fluorescence in DC 2.4 cells 

incubated with the free Pep-Cy3, while cells incubated with FRET NP showed a more 

homogeneous intracellular distribution with few separate spots of orange Cy3 

fluorescence from internalized FRET NP (see also Cy3 signal only, in the left panel of 

Figure 8C). These spots might be attributed to the accumulation of free and 

encapsulated Pep-Cy3 in endosomes of DC. The uptake of soluble antigens by DC is 

mainly mediated by macropinocytosis [45], while the internalization of PLGA NP with 

an NP size of ~290 nm by the same cells is mediated by phagocytosis, as previously 

shown by Diwan et al. [46], which might explain the observed difference in the 

intracellular distribution of free Pep-Cy3 and encapsulated Pep-Cy3 in FRET NP. 

 

It is noted that Cy3 fluorescence is diminished in FRET NP (see also Cy3 signal only, 

in the left panel of Figure 8C) likely due to the self-quenching and quenching effect by 

non-radioactive energy transfer from the emission of Cy3 to the acceptor Cy5. Indeed, 

Figure 9A shows Cy3 fluorescence colocalized with the FRET signal, as indicated by the 

arrows, suggesting the integrity of internalized FRET NP at 2 h post-incubation. 

 

Upon continued incubation, PLGA NP might be partially degraded in the lysosomal 

compartments of dendritic cells 24 h post incubation [25] and/or endo-lysosomal 

escape [25, 47, 48]. At the 24 h time point (Figure 8C, right panel), the Cy3 fluorescence 

of FRET NP retained the spot-like pattern, albeit with lower intensity, while the Cy3 

fluorescence was predominantly cleared from cells incubated with free Pep-Cy3. The 

observed short retention time of internalized free Pep-Cy3 is consistent with the 

previously reported retention time of less than 24 h for ovalbumin (OVA) taken up by 

dendritic cells [49, 50]. To maintain intracellular homeostasis, internalized exogenous 
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proteins and/or nanoparticles are eliminated by energy-dependent lysosome-mediated 

exocytosis [51, 52], which was found to be faster for low-molecular-weight solutes and 

slower for PLGA nanoparticles [52]. In fact, Figure 8B demonstrates that the internalized 

FRET NP remained in the DC for at least 144 h, which demonstrates a significantly longer 

retention time within the cells as compared to the free Pep-Cy3 at an equivalent dose. 

To further explain, after internalization of the free Pep-Cy3, it is translocated from 

macropinosomes to early endosomes, which subsequently matured into late 

endolysosomes for MHCII presentation on the surface of DCs [53]. On the other hand, 

after phagocytosis by DC, the internalized FRET NP localized in endosomes [54], which 

possibly underwent a similar intracellular process as an internalized soluble peptide for 

MHCII presentation [55]. 

 

 
Figure 8. (A) Experimental scheme and (B) cellular images of internalized fluorescent nanopar
cles and free Pep-Cy3 
by murine DC 2.4. Cells were washed and live-imaged over 144 h a�er 2.5 h of incuba
on of DC 2.4 cells with medium, 
9% PLGA-Cy5 NP, 1% Pep-Cy3 NP, FRET NP 0.8:1 (1% Pep-Cy3:9% PLGA-Cy5), or 1 μg/mL free Pep-Cy3. Shown are 
representa
ve merged confocal fluorescence microscopy images (B) of nuclei (Hoechst, blue, λex = 405 ± 5 nm), Cy3 
(orange, λex = 561 ± 2 nm), Cy5 (red, λex = 640 + 4/−5 nm), and FRET (λex = 561 ± 2 nm) taken 2, 24, 96, and 144 h a�er 
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the washing step; bars indicate 10 μm. (C) Fluorescence from the FRET NP 0.8:1 and free Pep-Cy3 treated DC 2.4 cells 
in confocal image of Cy3 alone and merged confocal images of Cy3 (orange), nuclei (Hoechst, blue), and bright field 
(BF, confocal path) 2 (le� panel) and 24 h (right panel) a�er the washing step, respec
vely. 

 

To focus on DC 2.4 cells incubated with FRET NP only, Figure 9 and the same but 

zoomed-out images in Supplemental Figure 5 show from the left to the right the 

separate confocal microscopy images of Cy3, Cy5, and FRET fluorescence channels and 

their merged confocal fluorescence microscopy images at different incubation times. 

Colocalization of Cy3, Cy5, and the FRET signal was observed and exemplified by the 

numbered arrows pointing towards the same spot in every image at each time point (2–

144 h). 

 
Figure 9. Intracellular localiza
on of FRET NP a�er internaliza
on by DC 2.4 cells. According to the scheme of Figure 
8A, DC 2.4 cells were incubated with FRET NP 0.8:1 (1% Pep-Cy3:9% PLGA-Cy5) for 2.5 h and subsequently washed. 
Shown are representa
ve confocal fluorescence microscopy images of DC 2.4 cultured with FRET NP (A) 2, (B) 24, (C) 
96, and (D) 144 h a�er the washing step; bars indicate 10 μm. Colocaliza
ons of Cy3 (orange, λex = 561 ± 2 nm), Cy5 
(red, λex = 640 + 4/−5 nm), and FRET (purple, λex = 561 ± 2 nm) fluorescence are indicated with the yellow arrows and 
numbers. 
 

Live images in Figure 9B showed a considerable loss of intracellular FRET signal 

(purple spots) after 24 h, which may be caused by the release of Pep-Cy3 from the FRET 

NP. At the 96 h time point (Figure 9C), the colocalization of Cy3, Cy5, and the FRET signal 

was still visible, while at the same time point, full clearance of Cy3 fluorescence was 

observed for the free Pep-Cy3-incubated DC 2.4 cells ( Figure S4C). At 144 h, although 

Cy5 and Cy3 fluorescence remained detectable, the FRET signal was cleared (Figure 9D 
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and the same but zoomed-out images in Supplemental Figure S5D), suggesting the 

quantitative intracellular release of Pep-Cy3 and/or complete degradation of the 

internalized FRET NP. Our findings demonstrate that PLGA nanoparticles prolong the 

intracellular presence of encapsulated Pep-Cy3 in dendritic cells, which might be 

attributed to the endosomal escape of the PLGA nanoparticles into the cytosol [54]. 

Given the short life span of dendritic cells of less than 9 days [56], the prolonged 

intracellular presence of the peptide upon incubation with peptide-loaded PLGA 

nanoparticles may result in a prolonged period of peptide presentation via MHCII by 

the DC to the T-cell receptor (TCR) of antigen-specific T-cells. This, in turn, may 

contribute to the efficiency of inducing peptide-specific tolerogenic T-cell responses to 

induce oral tolerance using a relatively low dose of the peptide. 

 

To investigate whether the β-lactoglobulin-derived peptide-loaded NPs could be 
internalized and processed by dendritic cells resulting in the intracellular release of the 
peptide, we exploited nanoparticles with high FRET emission that were obtained by dual 
labeling of the PLGA nanocarrier (Cy5) and the encapsulated peptide cargo (Cy3). Our 
study demonstrates sufficient stability and integrity of the peptide-loaded PLGA 
nanoparticles (FRET NP) in the simulated GI tract conditions, and very efficient cellular 
uptake of peptide-loaded NP by human moDC as confirmed by fluorescence microscopy 
imaging and flow cytometry. As compared to a 24 h retention time of the non-
encapsulated peptide, prolonged retention of the encapsulated peptide cargo for 96 h 
by DC 2.4 was demonstrated. Collectively, we show here that NP with a dual FRET 
labeling strategy of both the peptide cargo and the nanocarriers provides a novel 
biometric tool to obtain valuable insights on the trafficking and processing of peptide-
loaded NPs in DC in vitro. 
 

Conclusions 
To investigate whether the β-lactoglobulin-derived peptide-loaded NPs could be 

internalized and processed by dendritic cells resulting in the intracellular release of the 

peptide, we exploited nanoparticles with high FRET emission that were obtained by dual 

labeling of the PLGA nanocarrier (Cy5) and the encapsulated peptide cargo (Cy3). Our 

study demonstrates sufficient stability and integrity of the peptide-loaded PLGA 

nanoparticles (FRET NP) in the simulated GI tract conditions, and very efficient cellular 

uptake of peptide-loaded NP by human moDC as confirmed by fluorescence microscopy 

imaging and flow cytometry. As compared to a 24 h retention time of the non-

encapsulated peptide, prolonged retention of the encapsulated peptide cargo for 96 h 

by DC 2.4 was demonstrated. Collectively, we show here that NP with a dual FRET 
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labeling strategy of both the peptide cargo and the nanocarriers provides a novel 

biometric tool to obtain valuable insights on the trafficking and processing of peptide-

loaded NPs in DC in vitro. 
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Supporting Information 

Supporting Data 
Calculation and interpretation of FRET efficiency of FRET NP 0.8:1  

The actual highest EFRET was calculated from the decrease in the Cy3 fluorescence 

intensity at �ex/em=555/570 nm of a suspension of FRET NP 0.8:1, relative to that of a 

suspension of Pep-Cy3 NP (with 0.7% loading of Pep-Cy3) at a concentration of 0.5 

mg/mL in PBS at room temperature (equation 1 [22, 57]): 

S]U^_ = 1 − VY̅W
VY̅

 , (1) 

in which Z ̅ DA and Z ̅ D are the normalized donor fluorescence (Cy3) intensities at 

�ex/em=555/570 nm in the presence and absence of the acceptor (Cy5), respectively. ZD̅A 

is the donor (Cy3) fluorescence intensity at �ex/em=555/570 nm of FRET NP 0.8:1 (1757 

A.U.) that was normalized by subtraction of the background signal of 9 wt% PLGA-Cy5 

NP (98 A.U.). The donor (Cy3) fluorescence intensity ZD̅ (4832 A.U.) was obtained from 

the 1 wt% Pep-Cy3 NP, however these have a lower loading of Pep-Cy3 (0.3%) than that 

of the FRET NP 0.8:1 (0.7%). Therefore, we had to correct for this difference and 

multiplied the measured fluorescence intensity ID by a factor of 0.7/0.3. These 

normalizations result finally in the following calculation (equation 2): 

S]U^_ = 1 − Vb̅jmq vw x.z:|:V}̅%w~�WM��� vw 
V|̅% w��M��� vw× ~�bjmq vwx.z:|

~�|% w��M��� vw

 =1 - ����:��
����×x.�

x.�
= 0.87 �� 87%, (2) 

Concluding from this, the encapsulation efficiency of Pep-Cy3 is sufficient to obtain 

a high FRET efficiency (87%) in the dual labeled FRET NP 0.8:1 dispersed in PBS (pH 7.4). 

The observed FRET fluorescence is contributed to the large spectral overlap of the 

selected Cy3-Cy5 pair as donor and acceptor, respectively. The large spectral overlap 

integral J (�) is calculated from the integral of the normalized donor Cy3 emission 

intensity Z\� (∫ Z\� �� = 1), multiplied by the extinction coefficient of the acceptor Cy5 

�[  (25,000 mol-1 cm-1) [21] and by the wavelength to fourth power according to the 

equation 3[22]. 

�(�) = ∫ Z\� �[�
� ��, (3) 

The observed Förster distance (R0) is defined as the separation distance between the 

donor and acceptor that corresponds to 50% FRET efficiency and is calculated with 

equation 4 [25]. 

R0= 0.0211(�2 ΦD n-4J (�))1/6 , (4) 
Herein, �2 = 2/3 is the FRET orientation factor [58], n = 1.445 is the refractive index of 

PLGA [59], ΦD = 0.15 is the donor Cy3 quantum yield [21] and J (�) (for FRET pair Cy3/Cy5) 
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is calculated as 7.6 × 1015  M-1 cm-1 nm4 using equation (1). Thus, R0 is equal to 50 Å (5.0 

nm). Practically, efficient non-radioactive energy transfer only occurs when the 

separation distance between the acceptor and donor is within the range between 0.5-

1.5 R0 (Förster distance) (2.5-7.4 nm) [21, 60]. In conclusion, the occurrence of FRET 

indicates a proximity (between 2.5-7.4 nm) between the donor and acceptor dyes in 

the PLGA nanoparticles. 

Förster distance (R0) of 5 nm is the separation distance of D (Cy3) and A (Cy5) in 

PLGA NP, when assuming a FRET efficiency (EFRET) of 50%. However, the actual EFRET was 

87% as calculated by using equation 3. Therefore, the actual dye pair distance is smaller. 

Indeed, the energy transfer mediated by dipole-dipole interactions by the donor and 

acceptor dye is highly dependent on the separation distance (r), and depends on the 

Förster distance R0 as expressed by equation 5 [21, 22]: 

S]U^_ = �
�X( �

jx
)�, 

(5) 

Therefore, from equation 1 and the previously calculated EFRET (87%) and R0 (5.0 

nm), the actual average separation distance (r) between the donor (Cy3) and acceptor 

(Cy5) in the FRET NP 0.8:1 is 3.6 nm, which is again between 0.5-1.5 R0 (Förster distance, 

2.5-7.4 nm) to allow occurrence of FRET signal. 

Thus, we can conclude that dual labeled FRET nanocarriers of ~250 nm at a D/A 

ratio of 0.56:1 enables efficient non-radioactive energy transfer from the Cy3 labeled 

Peptide to the Cy5 labeled PLGA NP matrix with a close average proximity between Cy3 

and Cy5 of 3.6 nm.  
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Supporting Tables and Figures 
Supplemental Table 1. Cy3 fluorescence intensity of 1 mg/mL 2% Pep-Cy3 NP in RPMI 1640 medium 
before and after filtration with 0.2 μm RC membrane syringe filter. 

NP 
suspension 

FI1-Cy3 
at �ex/em = 555/570 nm (A.U.) 

Non-filtered Filtered FI ratio of 
Filtered/Non-filtered 

Filtrated NP2 (mg/mL) 

2% Pep-Cy3 
NP 

9006 1071 0.12 0.12 

 
1 FI: Fluorescence intensity 
2 Concentration*31'+4+2 �; �"?

"8� = ��BIRHD�DF  ¡ (!.¢.)
��JKJMBIRHD�DF  ¡(!.¢.) × Concentration&#&:*31'+4+2 �; �"?

"8� = ��BIRHD�DF  ¡ (!.¢.)
��JKJMBIRHD�DF  ¡(!.¢.) × 1("?

"8) 
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Supplemental Figure 1. Concentration dependent fluorescence intensity of (A) 1.5-7% PLGA-Cy5 NPs at 

�ex/em=646/662 nm and 0.1-2% Pep-Cy3 NPs �ex/em=555/570 nm in PBS. 

 

 
Supplemental Figure 2. Mean NP size (A) and polydispersity index (PDI) (B) of empty PLGA NP incubated in different 
media at 37 ℃ over 336 h as determined by Zetasizer Nano S. Data are presented as mean±SEM, and SEM is derived 
from 3 different measurements of one sample. 
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Supplemental Figure 3. Fluorescence spectra obtained after 0 h (top) and 6 h (bottom) at �ex/em =555/570-900 nm of 
0.2 mg/mL 1% Pep-Cy3 NP, 9% PLGA-Cy5 NP and FRET NP 0.8:1 (1% Pep-Cy3:9% PLGA-Cy5) incubated at 37 ℃ in (A) 
PBS (pH 7.4), (B) in FaSSGF (pH 1.6) with pepsin and (C) in FaSSGF (pH 1.6) without pepsin for 0 and 6 h.

Supplemental Figure 4. Cellular images of internalized fluorescent nanoparticles and free Pep-Cy3 by murine DC 2.4. 
According to the scheme of Figure 8A, cells were washed and live imaged over 144 h after 2.5 h-incubation of DC 2.4 
cells with medium, 9% PLGA-Cy5 NP, 1% Pep-Cy3 NP, FRET NP 0.8:1 (1% Pep-Cy3:9% PLGA-Cy5) or 1 μg/mL free Pep-
Cy3. Shown are representative merged confocal fluorescence microscopy images (B) of nuclei (Hoechst, blue, 
�ex=405±5 nm), Cy3 (orange, �ex=561±2 nm), Cy5 (red, �ex=640+4/-5 nm) and FRET (�ex=561±2 nm) taken at (A) 2, (B) 
24, (C) 96 and (D) 144 h after the washing step, bars indicate 10 μm.
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Supplemental Figure 5. Intracellular localization of FRET NP after internalization by DC 2.4 cells. According to the 
scheme of Figure 8A, DC 2.4 cells were incubated with FRET NP 0.8:1 (1% Pep-Cy3:9% PLGA-Cy5) for 2.5 h and 
subsequently washed. Shown are representative confocal fluorescence microscopy images of DC 2.4 cultured with 
FRET NP at (A) 2, (B) 24, (C) 96 and (D) 144 h after the washing step respectively, bars indicate 10 μm. Colocalizations 
of Cy3 (orange, �ex=561±2 nm), Cy5 (red, �ex=640+4/-5 nm) and FRET (purple, �ex=561±2 nm) fluorescence are 
indicated with the yellow arrows and numbers.
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Abstract 
Background. Immunotherapy exploiting nanoparticles has gained increasing 

attention due to its versatility for the simultaneous delivery of multiple therapeutic 

components and specific targeting to e.g., dendritic cells (DC). To prevent or treat 

allergic disease, type 2 prone immune deviation needs to be redirected. CpG 

oligonucleotides (CpG-ODN) are T helper 1 (Th1) and regulatory T-cells (Treg) adjuvants, 

which skew away from a type 2 allergic phenotype and promote tolerance induction by 

modifying DC function in the context of allergen presentation. However, the 

immunostimulatory effects of different types of CpG-ODNs on dendritic cells when 

encapsulated in poly(lactic-co-glycolic acid) nanoparticles (PLGA NPs) is currently 

unknown. Aim. Here we aimed to study the immunomodulatory effect of three types 

of CpG-ODN encapsulated in PLGA NPs (CpG-ODN NP) on human immature monocyte 

derived dendritic cells (immature moDCs), while studying the function of the primed 

moDCs in allogeneic DC-T-cell co-cultures. Methods. class A-, B- or C- CpG-ODNs were 

encapsulated in PLGA nanoparticles using a double emulsion solvent evaporation 

method. In vitro immature moDCs were exposed for 48 h in either medium, or with 

medium in which non-loaded (empty NP) or class A-, B- or C- CpG-ODN encapsulated in 

PLGA NPs were dispersed. As controls, immature moDCs were exposed to LPS for 

maturation into DC1 which drive naïve T-cell differentiation towards Th1 cells or a 

cytokine mixture for maturation into DC2 which drive Th2 cells differentiation. After 48 

h of incubation, these primed moDCs were co-cultured with naïve CD4+ T-cells in an 

allogenic DC-T-cell co-culture model for 5 days. Results. NPs loaded with class A-, B- or 

C- CpG-ODN had a mean NP size of ~250-290 nm, an encapsulation efficiency of 50-65% 

and a loading capacity of 0.031-0.040%. DC1 or DC2 controls, and empty NP primed 

moDCs showed upregulated surface expression of co-stimulatory molecules CD80, 

CD86 and/or regulatory costimulatory molecule Programmed Death Ligand-1 (PD-L1) as 

compared to the medium controls, indicating maturation of these moDCs. This was not 

affected upon incubation with PLGA NPs loaded with class A-, B- or C- CpG-ODN. No 

significant differences were observed in Th1 and Th2 development in the consecutive 

DC-T-cell co-cultures. However, only class A CpG-ODN NP primed moDCs increased the 

Th1/Th2 ratio (CXCR3+/CRTH2+) as well as the Treg/Th2 ratio (CD25+FoxP3+/CRTH2+) 

as compared to moDCs primed with empty NP. Conclusion. The findings indicate that 

class A CpG-ODN loaded NP are most favorable in the priming of moDCs that shift the 

balance towards a Th1 and Treg phenotype driving away from the allergy prone Th2 

development. 
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Introduction 

Food allergy is an increasingly prevalent global health concern with an incidence 

rate of up to 8% of the children in the western countries [1]. In particular, cow’s milk 

allergy (CMA) is one of the most common food allergies that occurs in infancy, which 

requires strict dietary avoidance to prevent severe allergic symptoms that could be, in 

some severe cases, life-threatening anaphylaxis for newborns [2]. So far, there is a lack 

of effective immunotherapeutic or preventive treatments for CMA [3]. 

 

Recently, nanoparticle-based immunotherapy has attracted increasing attention 

for induction of allergen-specific tolerance by the oral route [4]. Oral immunotherapy 

aims to instruct allergen specific tolerance through the gut-associated lymphoid tissues 

(GALT), which is prone to develop tolerance towards harmless food proteins [5]. In the 

GALT, professional antigen-presenting cells (APCs) are regarded as major target cells for 

orally administered nanoparticle-based immunotherapeutics [6]. APCs play a pivotal 

role in regulation and connection of innate and adaptive immunity. Upon internalization 

of pathogens or commensal bacteria, APCs lyse the microbe to result in the intracellular 

release of evolutionary conserved structures like peptidoglycans, LPS and bacterial DNA 

(referred as pathogen-associated molecular patterns, PAMPs), which can be recognized 

by different types of so-called pattern recognition receptors (PRRs) [6, 7]. These PRR 

are expressed by several types of structural and immune cells including dendritic cells 

(DC) [7]. PAMPs can activate DC, leading to maturation enabling them to induce 

adaptive T-cell responses to peptide epitopes (for example of allergens) that are 

presented by the same DC by MHCII [8]. Depending on the type and structure of the 

PAMP, the functional outcome of the DC and T-cell response may differ. PAMP may 

prime DC to induce Th1 type immunity, preferably in the context of additional 

regulatory T-cell development, driving away from the allergy prone Th2 response [8, 9]. 

Therefore, these bacterial components may be used as adjuvants to be used in allergen 

specific strategies to prevent or treat allergies. In this regard, bacterial unmethylated 

cytosine-guanosine dinucleotides CpG DNA are of interest. These are recognized by Toll-

like receptor-9 (TLR-9) in the endo-lysosomal compartments of human plasmacytoid 

dendritic cells (pDCs) and B lymphocytes (B-cells) [10, 11] as well as by human 
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monocytes derived dendritic cells (moDC) [12]. In regulation of immune responses [13], 

DC are central players to drive immunity or tolerance and to shape the phenotype of 

the generated adaptive immune response. 

 

Synthetic CpG-ODNs are short synthetic single stranded DNA molecules that 

contain unmethylated CpG-ODN motifs, mimicking the structure of bacterial CpG DNA, 

have been exploited to activate TLR-9 [14, 15], and were reported to inhibit Th2 

immunity and allergic sensitization in mice. Furthermore, activation of TLR-9 by CpG-

ODN in antigen-presenting cells (APCs) (i.e., DC) modifies their function (i.e., surface 

expression of co-stimulatory molecules and cytokine release) and drives differentiation 

into T helper 1 (Th1) and a regulatory T-cells (Treg) immune response [14, 16]. Hence, 

the different classes of synthetic CpG-ODN are attractive immune adjuvants for 

induction of allergen/antigen-specific tolerance [14, 17] and class A- and B- CpG-ODNs 

have progressed to clinical trials for allergen-specific immunotherapies [18-22]. For use 

as adjuvant in oral delivery systems, CpG-ODN needs to survive degradation due to 

nucleases present in the gastrointestinal tract. Therefore, they can be loaded in 

nanoparticle delivery systems which potentially also can reach DCs [6]. Importantly, 

encapsulation of CpG-ODN in nanoparticles was reported to enhance its cellular uptake 

by DC as compared to their soluble form [23]. 

 

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) have been extensively used 

for the development of oral vaccines [24, 25] due to several advantages of this polymer 

and particles derived hereof. To mention, these particles protect the loaded peptides 

against enzymatic degradation in the GI tract [26-28]. Further, these particles can be 

taken up by antigen presenting cells (i.e., dendritic cells) and subsequently ideally 

intracellularly release their content is a sustained manner. Additionally, these particles 

have a good safety profile and a number of PLGA based drug products have been 

approved by the U.S. Food and Drug Administration (FDA) and European Medicines 

Agency (EMA) [29, 30]. Furthermore, cellular uptake of PLGA by DC is dependent on 

their size and charge [31] and these characteristics can be tailored by the formulation 

and processing conditions [32]. After oral administration, class B CpG-ODN loaded PLGA 

NPs were successfully used as adjuvant for peanut protein to induce an antigen-specific 

adaptive immune response driving away from the T helper 2 (Th2) type allergic 

response [16]. Moreover, we recently reported whey-specific tolerance induced by oral 

pretreatments using antigen-encapsulated PLGA NP with and without class B CpG-ODN 
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co-encapsulation in a prophylactic cow’s milk allergy murine model [33]. In addition, 

exposing intestinal epithelial cells to type C CpG-ODN was found to activate these cells 

and support the development of regulatory type Th1 response of underlying immune 

cells [34, 35]. Noteworthy, monocytes derived dendritic cells (moDCs) were reported to 

express functional TLR-9 and produce IFN-α upon stimulation with class A CpG-ODN [12]. 

However, the effects of the three different types of CpG-ODNs loaded in PLGA 

nanoparticles on DC function have not been studied so-far. Furthermore, immature 

moDCs are known for their potent capacity to internalize nanoparticles [36] and may 

thus serve as a model to study the effects of adjuvants on moDCs maturation and 

function. Therefore, in this study, we aimed to investigate the immunomodulatory 

effects of the three types of CpG-ODN encapsulated in PLGA NPs on human immature 

moDCs. In addition, using the allogeneic DC-T-cell co-culture model, we also studied in 

which way these primed moDCs instruct naïve CD4+ T-cells, aiming to identify a proper 

type of CpG-ODN for the development of nanoparticles-based immunotherapeutics 

driving away from the Th2-type allergic phenotype. 

 

Materials And Methods 
CpG oligonucleotides 

Three classes of human Toll-Like Receptor-9 (TLR-9) ligand CpG-ODN, namely class 

A-, B- and C-, including two types of class C- CpG-ODN, as shown in Table 1, were 

purchased from InvivoGen (San Diego, USA). 

 
Table 1. Human specific Toll-Like Receptor-9 (TLR-9) ligand CpG oligonucleotides (CpG-ODN) used in 

this study. 

Name Length (mer) Sequence (5’��3’) Molecular weight (g/mol) 

CpG-ODN A 2216 20 ggGGGACGATCGTCgggggg 6432 
CpG-ODN B 2006 24 tcgtcgttttgtcgttttgtcgtt 7720 

CpG-ODN C 2395 22 tcgtcgttttcggcgcgcgccg 7068 
CpG-ODN C M362 25 tcgtcgtcgttcgaacgacgttgat 8049 

Bases shown in capital letters are phosphodiester, and those in lower case are phosphorothioate (nuclease 
resistant), palindrome is underlined. 

 

Preparation and Characterization of CpG-ODN encapsulated PLGA NPs 

Nanoparticles based on PLGA (lactide/glycolide molar ratio 50:50, 0.32 - 0.48 dl/g; 

PURASORB PDLG 5004A, Corbion, the Netherlands) were prepared using a double 

emulsion solvent evaporation method [33]. Briefly, 160 mg PLGA was dissolved in 4 mL 
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dichloromethane (DCM, Biosolve BV, Valkenswaard, the Netherlands). Next, 100 μg 

CpG-ODN in 50 μL PBS and 400 μL PBS were added dropwise to 1 mL and 3 mL PLGA-

solutions, respectively, and sonicated using a Sonifier S-450A (3 mm, Branson 

Ultrasonics B.V., Soest, the Netherlands) at 20% amplitude for 0.5 min on ice bath. For 

empty NPs, 50 μL PBS and 400 μL PBS were added dropwise to 1 mL and 3 mL PLGA-

solutions, respectively, and sonicated using the same conditions as for preparation of 

CpG-ODN NPs. 

 

The obtained two water-in-oil emulsions were combined and sonicated (at 20% 

amplitude for 0.5 min on ice bath) to yield a single water-in-oil-emulsion. Next, the 

obtained water-in oil-emulsion was added dropwise to 40 mL external aqueous phase, 

containing 3 w/v % PVA (87-90% hydrolyzed polyvinyl alcohol, Mw 3,000-70,000 Da, 

Sigma-Aldrich, USA) and 0.9 w/v % NaCl (Sigma-Aldrich), and the obtained mixture was 

sonicated at 20% amplitude for 1 min on ice bath to yield a water-in-oil-in-water 

emulsion. the formed emulsion was subjected to agitation for 3 h at room temperature 

to evaporate DCM and to obtain hardened PLGA NPs. The NP suspension was spun 

down at 20,000×g for 30 min at 4℃ and the obtained pellet was washed with 20 mL 

nuclease free water (not DEPC-Treated, Invitrogen, USA) twice prior to resuspension in 

3 mL nuclease free water (Invitrogen). Next, 2 μL of the prepared NP suspensions was 

added to 998 μL milliQ water for characterization of nanoparticle size and polydispersity 

index (PDI) with Zetasizer Nano S (Malvern Instruments, Malvern, UK), or transferred 

into 998 μL 10 mM HEPEs buffer (pH 7.4) for characterization of the zeta-potential of 

the nanoparticles using Zetasizer Nano-Z (Malvern Instruments, Malvern, UK) 

respectively. The remaining NP suspension was lyophilized using a freeze dryer (Buchi 

Lyovapor L-200, Hendrik-Ido-Ambacht, the Netherlands). 

 

The encapsulation efficiency of CpG-ODN was quantified with a direct method. In 

detail, 16 mg lyophilized NPs and mixed with 1440 μL 0.2N NaOH under agitation 

overnight to hydrolyze PLGA. Next, 22.5 μL 20×Tris-EDTA (ThermoFisher) buffer per 5 

mg NP was added to the obtained solution. An additional volume of 1×Tris-EDTA buffer 

was added to reach 10 mg/mL NP-equivalent prior to the quantification assay for CpG-

ODN using Quant-iT™ OliGreen™ ssDNA Assay Kit (ThermoFisher) according to the 

manufacturer’s protocol. The encapsulation efficiency (EE) and loading capacity (LC) of 

CpG-ODN were calculated by the following formulas: 
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Encapsulation Efficiency= !"#$&' #* +&,-/0$1-'+2 </9:§¨�
!"#$&' #* *++2 </9:§¨� *#4 *#"$1-'3#& /4+/-4-'3#& × 100 (%) 

Loading Capacity= !"#$&' #* +&,-/0$1-'+2 </9:§¨� 
>+3?@' #* &-&#/-4'3,1+0 × 100 (%) 

 

In vitro release of CpG-ODN from PLGA NPs 

The release of CpG-ODN from PLGA NPs was determined as follows. Around 10 mg 

of freeze dried CpG-ODN NPs were accurately weighed in triplicate and suspended in 

500 μL phosphate saline buffer (PBS, pH 7.4)/0.06 w/v % sodium azide (NaN3, Sigma-

Aldrich) (release buffer) followed by incubation at 37°C on a nutating mixer. At different 

time points (at 30 min, and at day 1, 7, 14, 21, 28, 35, 42 and 49), samples were 

centrifuged at 20,000×g at 4 °C and 400 μL of the supernatant was withdrawn. Next, 

400 μL of fresh release buffer was added, the pelleted NPs were resuspended, and the 

samples were further incubated at 37 °C. The concentration of CpG-ODN in the different 

release samples was determined using Quant-iT™ OliGreen™ ssDNA Assay Kit 

(ThermoFisher) according to the manufacturer’s protocol, respectively. The percentage 

of released CpG-ODN was calculated based on the encapsulated amount. 

 

Isolation of Peripheral Blood Mononuclear Cell (PBMCs) 

Freshly donated human whole blood (time between donation and isolation was less 

than 24 h) was obtained from the Dutch Blood bank (Amsterdam, the Netherlands) and 

diluted 1:1 with DPBS-2% FBS at room temperature and transferred into Leucosep tubes 

(VWR, Radnor, USA), followed by centrifugation for 13 min at 1000×g at room 

temperature. The fraction with the lymphocytes was washed with DPBS supplemented 

with 2% FBS for 5 times. Next, the remaining erythrocytes were lysed using a red blood 

cell lysis buffer (8.3 g/L NH4Cl, 1 g/L KHCO3 and 37 mg/L EDTA, sterile filtered, pH 7.4) 

on ice for 4 min. The obtained PBMCs suspension was resuspended in RPMI 1640 

medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. 

 

Isolation of Monocytes and Differentiation of moDCs 

CD14+ monocytes were isolated from the PBMC suspension by means of negative 

selection with classical monocyte isolation kit human following the manufacturer’s 

protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). CD14+ cells were cultured at a 

density of 1×106 cells/mL per well in 1 mL RPMI medium supplemented with 100 ng/mL 
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IL-4 and 60 ng/mL GM-CSF (both from Prospec, East Brunswick, USA) in 6-well 

suspension culture plates (Greiner Bio-one, Solingen, Germany). The medium was 

refreshed at day 3 and 6. The human immature moDCs were harvested at day 7. 

 

Stimulation of Human Immature MoDCs 

Human immature moDCs collected at day 7 were seeded at a density of 2×106 

cells/mL per well in 200 μL culture medium (RPMI 1640 medium supplemented with 10% 

FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) into a 24-wells suspension 

culture plate. The cells were subsequently incubated with either 1.4 mg/mL empty NP, 

or 0.4 μg/mL encapsulated CpG-ODN in PLGA NPs (refer to details in Table 2). 

 
Table 2. Composition of different stimulation media for the priming of immature human monocytes 

derived dendritic cells (immature moDCs).  

Stimulation group Components for controls Concentration of 
Encapsulated CpG-ODN 

(μg/mL) 

Concentration of 
PLGA NPs (mg/mL) 

Medium Blank culture medium1 - - 

DC1-inducing LPS 100 ng/mL LPS2 in culture 
medium 

- - 

DC2-inducing mix 50 ng/mL TNF-α, 25 ng/mL IL-1b, 
10 ng/mL IL-6 and 1 μg/mL 
prostaglandin E23 

- - 

Empty NP - 0 1.4 
CpG-ODN A 2216 NP - 0.4 1.2 
CpG-ODN B 2006 NP - 0.4 1.4 
CpG-ODN C 2395 NP - 0.4 1.1 
CpG-ODN C M362 NP - 0.4 1.0 

1: Culture medium: RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL 

streptomycin. 2: LPS: Lipopolysaccharide (LPS-EB Ultrapure, from E. coli 0111:B4 strain, TLR4-based adjuvant, 

Invivogen). 3: All these cytokines were purchased from Prospec (East Brunswick, USA). 

 

As control, immature moDCs were incubated with either 1) blank culture medium 

or 2) DC1-inducing LPS, containing 100 ng/mL lipopolysaccharide (LPS), or 3) DC2 

inducing mix [37], containing 50 ng/mL TNF-α, 25 ng/mL IL-1b, 10 ng/mL IL-6 and 1 

μg/mL prostaglandin E2 (detailed in Table 2). After 48 h-incubation, the supernatants 

were collected for cytokine concentrations as described in the below section of 

Cytokine detection (as shown in Figure 1). On the other hand, the primed moDCs were 

harvested for analysis using flow cytometry and further co-incubation with freshly 

isolated allogeneic naïve CD4+ T-cells, respectively. 
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Figure 1. Experimental setup for in vitro priming of human moDCs using PLGA NP encapsulated human specific CpGs 
and their influence of these primed moDCs and differentiation of naïve CD4+ T-cells in the DC-T-cell co-cultures. 

 

Naïve CD4+ T-cells Isolation 

At the second day of moDCs exposure, naïve CD4+ T-cells were isolated from the 

freshly isolated PBMCs (as described in the above section) using negative selection 

using magnetic depletion of memory CD4+ T-cells and non-CD4+ T-cells. PBMCs were 

incubated with a cocktail of biotinylated CD45RO, CD8, CD14, CD15, CD16, CD19, CD25, 

CD34, CD36, CD56, CD123, anti-TCRγ/δ, anti-HLA-DR, and CD235a (glycophorin A) 

antibodies and subsequently labeled with Anti-Biotin MicroBeads for depletion 

according to the manufacturer’s protocol (naïve CD4+ T-cells isolation kit II, human, 

Miltenyi Biotec). 

 

DC-T-cell Co-culture 

The primed moDCs that had been exposed for 48 h to CpG-ODN encapsulated NPs 

or the control treatments were harvested for the DC-T-cell co-culture as shown in Figure 

1. The freshly isolated naïve CD4+ T-cells (1 × 106 cells/well) were co-cultured 10:1 with 

the primed moDCs (0.1 × 106 cells/well) in IMDM medium supplemented with 10% FCS, 

100 U/mL penicillin, 100 μg/mL streptomycin, 20 μg/ml apo-transferrin and 50 μM β-



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 134PDF page: 134PDF page: 134PDF page: 134

CHAPTER FIVE 
 

 

134 | P a g e  
 

mercapoethanol in 24-well plates. In addition, 5 ng/mL IL-2 [38, 39] (Prospec, East 

Brunswick, USA) and 150 ng/mL anti-CD3[39-41] antibody (BD) were added to the DC-

T-cell co-cultures, to facilitate clonal expansion of T-cells by activation of the TCR. After 

incubation for 5 days, the cells were stained for flow cytometry analysis (as described 

in the next section), and the supernatant was stored for further analysis. 

 

Flow cytometry 

The 2-days primed moDCs and 5-days DC-T-cell co-cultured immune cells were 

stained for flow cytometry analysis. Briefly, the dead cells were excluded from the 

analysis using Fixable Viability Dye eFluor 780 (ThermoFisher). Cells were incubated 

with Fc receptor blocking antibody (Biolegend, San Diego, USA) for 10 min on ice to 

avoid non-specific binding. 

The 48 h primed moDCs were extracellularly stained with CD11c-PerCP/eFluor 710, 

HLA-DR-PE, CD80-FITC, CD86-PE/Cy7 and PD-L1-eFluor450 according to the 

manufacturer’s protocol (All from ThermoFisher). 

Approximate 2×105 cells collected from the 5 days primed DC-T-cell co-cultures 

were extracellularly stained for Th1/Th2 with CD4-PerCP Cy5.5, CD69-PE, CXCR3-Alexa 

Fluor 488, and CRTH2-APC (all from ThermoFisher except CXCR3-Alexa Fluor 488 from 

BD Biosciences). 

In addition, approximately 3×105 cells were extracellularly stained for Treg/Th17 

cells with CD4-PerCP Cy5.5 and CD25-AF488. For intracellular staining of Treg/Th17, the 

cells were first fixed and permeabilized with FoxP3/Transcription Factor Staining Buffer 

Set (ThermoFisher) and then stained with FoxP3-eFluor 660 and ROR�-PE 

(ThermoFisher). Stained cells were measured by FACS CantoII (BD Biosciences) and 

analyzed using Flowlogic software version 7.3 (Inivai Technologies, Mentone, Australia). 

 

Cytokine detection 

In the supernatants collected from the primed moDCs IL-12p70, IL-10 and IP-10 

(IFN-�-inducible protein-10) (also known as CXCL10) were measured according to the 

manufacturer’s protocols (All ELISA kits were purchased from ThermoFisher). IFN-�, IL-

13 and IL-10 (ThermoFisher) were measured in the supernatants collected from the DC-

T-cell co-cultures. The samples were measured at 450 nm using Promega™ GloMax® 

Plate Reader (Madison, USA). 
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Statistical analysis 

Statistical analysis was performed using GraphPad Prism software version 9.5.1 

(San Diego, USA). For (log transformed) data sets that were normal distributed as 

indicated by the Kolmogorov–Smirnov test or the Shapiro–Wilk test, repeated measures 

one-way ANOVA followed by Bonferroni’s post hoc test for selected pairs was 

performed. Otherwise, Friedman non-parametric test followed by Dunn’s post hoc test 

was applied. The selected pairs were statistically analyzed being the medium controls 

compared to DC1, DC2 conditions and empty PLGA NP compared to medium, and the 

CpG-ODN A, B or C loaded PLGA NP conditions as indicated by the dotted line in Figure 

3-6 and Supplemental Figure 1. 

 

Results 
Characteristics of CpG oligonucleotides encapsulated PLGA NPs 

Empty and PLGA NPs encapsulated with class A-, B- or C- CpG-ODN (characteristics 

given in Table 1) were prepared using a double emulsion solvent evaporation method. 

The obtained NPs had a close to neutral zeta-potential and similar size ranging between 

250 - 290 nm (Table 3). The NPs had a narrow size distribution indicated by 

polydispersity index ranging between 0.05-0.10. The different CpG-ODNs were loaded 

with similar encapsulation efficiency (EE) of 53, 49, 57 and 64% respectively, resulting 

in loading capacities (LC) between 0.031% and 0.040% (Table 3). 

 
Table 3. Characteristics PLGA NPs loaded with the different CpG-ODNs. 

Formulation 
(Number of batches, n=1) 

Hydrodynamic 
particle size 

(nm) 
(n=3) 

Poly dispersity 
index 

(PDI) (n=3) 

Zeta-potential 
(mV) 
(n=3) 

EE 
(%) 

LC 
(%) 

Empty NP 256 ± 1 0.05 ± 0.02 -1.2 ± 0.1 - - 
CpG-ODN A 2216 NP 267 ± 3 0.08 ± 0.02 -1.6 ± 0.2 53 0.033 
CpG-ODN B 2006 NP 289 ± 5 0.10 ± 0.01 -1.9 ± 0.1 49 0.031 
CpG-ODN C 2395 NP 255 ± 4 0.09 ± 0.00 -1.7 ± 0.1 57 0.036 
CpG-ODN C M362 NP 268 ± 2 0.10 ± 0.02 -1.8 ± 0.2 64 0.040 

Hydrodynamic particle size, polydispersity and zeta-potential were measured in triplicate. 
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In vitro release of CpG-ODN from PLGA NPs 

CpG-ODN A NP and CpG-ODN C M362 NP showed a burst release of 11-15% of the 

loading, and CpG-ODN B NP and CpG-ODN C 2395 NP showed a burst release of 26-38% 

of the loading in the in vitro release study (Figure 2). After a lag phase of about two 

weeks, sustained-release of CpG-ODN from the different PLGA NPs was observed up to 

6 weeks. At day 49 the loaded CpG-ODNs were (almost) fully released, i.e., 93% and 90% 

for CpG-ODN A NP and CpG-ODN C M362  and of 133% and 116 % for CpG-ODN B and 

CpG-ODN C 2395 respectively (Figure 2). The cumulative release of CpG-ODN B NP and 

CpG-ODN C 2395 NP above 100% can be ascribed to the error of the analytical method 

to determine the concentration of CpG-ODN in the different release samples. 

 
 

 
Figure 2. In vitro release of Type A B C CpG-ODN from PLGA NPs in PBS at 37℃. Data are presented as mean ± SD, n 
= 3 per formulation. 
 

Surface expression of activation markers on stimulated moDCs 

The viability of moDCs was not affected by different treatments ranging between 

60-80% (data not shown). Figure 3A shows that DC1 and DC2, but not empty NP primed 

moDCs, had slightly lowered frequency of the CD11c+HLA-DR+ moDC among the viable 

cells as compared to the medium primed moDCs. The different types of CpG-ODN 
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loaded NPs did not affect the frequency of CD11c+HLA-DR+ among viable cells as 

compared to the empty NP control. Incubation of immature moDCs with DC1-inducing 

LPS or DC2-inducing cytokine mixture increased the surface expression of CD80 and PD-

L1 on the CD11c+HLA-DR+ moDCs as compared to the medium control (Figure 3B and 

D). Exposure of immature moDCs to empty NP upregulated surface expression of co-

stimulatory molecules CD80 and CD86 and PD-L1 of the primed moDCs (Figure 3B, C 

and D) as compared to the medium controls. Meanwhile, stimulation of immature 

moDCs with different types of CpG NP did not influence the surface expression of CD80, 

CD86 or PD-L1 as compared to those incubated with empty NP (Figure 3B, C and D). 

 

 
Figure 3. Surface expression of activation markers on the primed moDCs. The day 7 human immature monocytes 
derived dendritic cells (immature moDCs) were stimulated with either medium, DC1-inducing LPS, or DC2-inducing 
mixture, empty and class A-, B- or C- CpG-ODN loaded PLGA NPs for 48 h at 37 ℃. Subsequently, these primed moDCs 
were analyzed using flow cytometry to determine the percentages of CD11c+HLA-DR+ moDCs (A) on the viable cells, 
and the percentages of CD80+ (B), CD86+ (C) and PD-L1+ (D) expressed on the surface of CD11c+HLA-DR+ moDCs. 
Data are presented as mean ± SEM, n = 6 independent moDCs donors for (A-C) and n = 4 independent donors for (D); 
*p<0.05, **p<0.01, ***p<0.001; DC1: LPS primed moDCs; DC2: DC2-inducing mixture primed moDCs. 
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Cytokine production by stimulated DCs 

After 48 h-incubation of immature moDCs with medium, DC1-inducing LPS or DC2-

inducing mixture, empty NP or CpG-ODN loaded PLGA NPs, IL-12p70, IP-10 and IL-10 

were measured in the supernatants. The LPS-induced DC1 secreted higher amounts of 

IL-12p70 as compared to the medium primed moDCs, and empty NP primed moDCs 

slightly increased IL-12p70 (Figure 4A). This figure also shows that the release of IL-

12p70 was not significantly affected by CpG-ODN loaded NPs compared to empty NP. 

The matured DC2 did not secrete higher levels of IL-12p70, IP-10 nor IL-10 as compared 

to the medium primed moDCs (Figure 4A, B and C). Incubation of immature moDCs with 

empty NP did not affect the release of IP-10 or IL-10. Empty NP primed moDCs showed 

a slightly enhanced the ratio of IL-12p70/IL-10 as compared to the medium control 

(Figure 4D). 

 

Figure 4. Cytokine and chemokine secretion of the primed moDCs. The day 7 human immature monocytes derived 
dendritic cells (moDCs) were incubated with medium, DC1-inducing LPS, DC2-inducing mixture, empty NP, and class 
A-, B- and C- CpG-ODN encapsulated PLGA NPs for 48 h. Supernatants were collected and measured for IL-12p70 (A), 
IP-10 (B) and IL-10 (C) secretion. The ratio of IL-12p70/IL-10 was calculated and shown in (D). Data are presented as 
mean ± SEM, n = 4 independent moDCs donors; *p<0.05, **p<0.01; DC1: LPS primed moDCs; DC2: DC2-inducing 
mixture primed moDCs. 



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 139PDF page: 139PDF page: 139PDF page: 139

In vitro immunostimulatory effects of CpG encapsulated PLGA NP on human moDCs and their T-cells 
priming capacity using an allogenic DC-T-cell model 

 

139 | P a g e  
 

 

Th1- and Th2- subsets and cytokine release in the DC-T-cell co-cultures 

Using the allogeneic DC-T-cell co-cultures, it was studied whether the primed 

moDCs exposed to medium, DC1-inducing LPS, DC2-inducing mixture, empty or CpG-

ODN loaded NPs, were able to instruct development of Th1 and Th2 immune 

polarization. Therefore, these primed moDCs were co-cultured with freshly isolated 

naïve CD4+ T-cells of allogeneic donors for 5 days (as shown in Figure 1), after which 

the frequency of Th1 and Th2 cells (the gating strategy is shown in Supplemental Figure 

3) and associated cytokines secretion were studied using flow cytometry and ELISA, 

respectively. 

 

The co-cultures of T-cells with the primed moDCs from different treatments 

showed neither differences in viability nor frequency of the CD4+ T-cells, nor activation 

marker expression of CD69 on CD4+ T-cells (Figure 5A, B and C). The percentage of 

CXCR3+ (Th1), CRTH2+ (Th2) subsets within the CD4+ T-cells population was not 

affected (Figure 5D, E). In contrast, incubation of naïve T-cells with CpG-ODN A NP 

primed moDCs resulted in a higher Th1/Th2 ratio (Figure 5F), as compared to empty NP 

primed moDCs in the DC-T-cell co-culture. Th1-associated cytokine IFN-� and Th2-

associated cytokine IL-13 and regulatory type IL-10 secretion in the DC-T-cell co-cultures 

were not significantly affected (Supplemental Figure 1A, B and C). 

 

Figure 5. Analysis of T helper 1 (Th1-) and T helper 2 (Th2-) subsets in DC-T-cell co-cultures. After 5-day co-culture 
of naïve CD4+ T-cells with the 48 h-primed moDCs, the cells were collected and analyzed with flow cytometry for 
viability (A), percentages of CD4+ among viable cells (B), percentages of CD69+ (C), CXCR3+ Th1 (D), CRTH2+ Th2 (E) 
subset, Th1/Th2 ratio of CXCR3+/CRTH2+ (F) in CD4+ T-cells. Data are presented as mean ± SEM, n = 3 different DC-
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T-cell co-cultures with allogeneic combinations using 2 independent naïve CD4+ T-cells donors and 2 independent 
moDCs donors; *p<0.05; DC1: LPS primed moDCs; DC2: DC2-inducing mixture primed moDCs. 
 

Treg- and Th17-subsets and Treg/Th2 ratio in the DC-T-cell co-cultures 

In the allogeneic DC-T-cell co-cultures, it was also investigated whether the moDCs 

primed with different treatments were able to instruct development of regulatory T-

cells (Treg) and T helper 17 (Th17) cells. To this end, the primed moDCs were co-cultured 

with naïve CD4+ T-cells for 5 days (as shown in Figure 1), after which the frequency of 

FoxP3+ Treg and ROR�+ Th17 cells (the gating strategy is shown in Supplemental Figure 

4) and associated cytokines secretion were studied using flow cytometry and ELISA, 

respectively. Co-culture of naïve CD4+ T-cells with primed moDCs derived from different 

treatments did not affect the percentage of CD25+FoxP3+ Treg cells in the DC-T-cell co-

culture (Figure 6A). 

 

 
Figure 6. Flow cytometry analysis of regulatory T-cells (Treg), T helper 17 (Th17) subsets, and ratios of Treg over 
Th1 and Th2 in the DC-T-cell co-cultures. After 5-day co-culture of naïve CD4+ T-cells with the primed moDCs, the 
cells were collected and analyzed with flow cytometry for CD25+FoxP3+ Treg (A), ROR�+ Th17 (B) subsets of CD4+ T-
cell, the Treg/Th1 ratio of CD25+FoxP3+/CXCR3+ (C) and the Treg/Th2 ratio of CD25+FoxP3+/CRTH2+ (D). Data are 
presented as mean ± SEM, n = 3 different co-cultures of DC-T-cell with allogeneic combinations using 2 independent 
naïve CD4+ T-cells donors and 2 independent moDCs donors; *p<0.05; DC1: LPS primed moDCs; DC2: DC2-inducing 
mixture primed moDCs. 
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In the DC-T-cell co-culture, the frequency of ROR�+ cells was downregulated by the 

empty NP primed moDCs as compared to the medium primed moDCs (Figure 6B), but 

no additional influence was observed upon incubation of naïve CD4+ T-cells with PLGA 

NPs loaded with different types of CpG-ODN as compared to the empty NP. The primed 

moDCs derived from different treatments, when co-cultured with naïve CD4+T-cells for 

5 days, did significantly alter the ratios of Treg/Th17 (CD25+FoxP3+/ROR�+) (not shown) 

nor Treg/Th1 (CD25+FoxP3+/CXCR3+) among CD4+ T-cells (Figure 6C). Co-incubation of 

naïve CD4+ T-cells with CpG-ODN A NP primed moDCs increased the Treg/Th2 ratio 

(CD25+FoxP3+/CRTH2+ in CD4+ cells) as compared to the empty NP control (Figure 6D). 

 

Discussion 
As reported by previous studies [42, 43], human DC are capable of internalizing 

PLGA nanoparticles with a size <300 nm. Besides size [44], their surface charge [43, 44] 

is a key factor that determines their cellular uptake [44]. Because the NPs used in the 

present study had similar size, zeta potential and loading capacity, difference in priming 

the immature moDCs using equivalent dose of PLGA NP encapsulated CpG-ODN of 

different types was expected not to be caused by differences in cellular uptake by 

phagocytosis [45, 46] and intracellular fate [47]. In line with our previous study [33], the 

observed burst release of CpG, might be caused by surface adsorbed ODNs that were 

not removed by the applied washing procedure. This burst release was followed by a 

phase no release from day 1 to day 14 followed by a sustained release of the loading up 

to day 49 (see Figure 2). This indicates that the CpG-ODN loading is released during 

degradation of the PLGA NPs [48] and be explained by the low mobility of the 

hydrophilic nature and large size of CpG-ODN in non-degraded PLGA matrices. It is 

however likely that this in vitro release profile is not predictive for the intracellular 

release of internalized PLGA NPs which release their content faster than in PBS buffer 

of pH 7.4 and 37℃. To illustrate this, Swider et al. [49] reported DC-internalized PLGA 

nanoparticles degraded within 72 hours intracellularly, while PLGA NPs incubated in PBS 

buffer were stable for more than 2 weeks. 

 

After two days exposure of the immature moDCs, moDCs primed under different 

conditions showed a similar viability compared the medium controls which was 70-80% 

as expected [50]. Consistent with previous studies, exposure to the neutrally charged 

empty PLGA NP caused maturation of DC as shown by upregulated surface expression 
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of the costimulatory molecules CD80 and CD86 [43, 51], but it did not influence the 

expression of HLA-DR [51] (MHCII molecule) on DC. Kostadinova et al. [52] and Fischer 

et al. [53] however reported that PLGA nano- and micro- particles did not induce 

maturation of murine derived both bone marrow derived dendritic cells (BMDCs) and 

moDCs. Therefore, it is plausible that in the current study LPS contamination of the 

empty NP might have contributed to the observed moDCs maturation. Alternatively, 

the protein corona coating on the empty NP, formed due to absorption of proteins in 

the cell culture medium on the hydrophobic surface of PLGA NP [54, 55] may have 

functioned as danger signal known as nanoparticles associated molecular patterns 

(NAMPs) [56-58]. 

 

Programmed cell death ligand 1 (PD-L1) is ubiquitously expressed on non-lymphoid 

and lymphoid cells (i.e., DC, resting B-cell and T-cells) and regulates immune responses 

in secondary lymphoid tissues and target organs [59]. As a negative regulatory co-

stimulatory molecule, upregulation of PD-L1 expression on DC is regarded as an 

indication for their tolerance inducing capacity [60]. The tolerogenic property of the PD-

L1+ DC was reported as essential for inducing IL-10 secreting T-cells in vitro [61], and 

generation of adaptive Treg subsets both in vitro and in vivo [62]. In line with the 

previous studies, we observed upregulated PD-L1 expression on DC1 [63, 64] and DC2 

[65, 66]. Notably, empty NP also increased PD-L1 expression on moDCs [43]. However, 

empty NP also enhanced expression of costimulatory molecules CD80 and CD86, which 

was also observed on LPS (100 ng/mL) primed DC1. However, these DC1 produced high 

concentrations of IL-12p70, which remained low in the medium of the empty NP primed 

moDCs. It is reported that CpG-ODN can activate TLR-9 in human moDCs [12] and induce 

secretion of IFN-α, which subsequently upregulates PD-L1 expression [67]. However, 

PD-L1 expression was not further affected by the encapsulation of different classes of 

CpG. 

 

It is therefore likely that the dose of CpG-ODN (0.4 μg/mL encapsulated CpG), was 

too low to act through this pathway. Indeed, as reported by Jaehn et al. [68], the used 

dose in our study is much lower than the effective dose of 5 μg/mL CpG-ODN that 

increased PD-L1 expression on human DC. In line herewith, a dose-dependent TLR-9-

mediated response was reviewed by Montamat et al. [14]. The high dose of CpG-ODN 

mediated TLR-9 signaling by TRIF [69] induces secretion of anti-inflammatory molecules 

(i.e., TGF-β and indoleamine 2, 3 dioxygenase (IDO)), which activate a suppressor 
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phenotype of Treg cells for tolerance induction [70]. On the other hand, the low 

concentration of CpG-ODN mediates TLR-9 signaling by the common TLR adaptor 

protein myeloid differentiation antigen 88 (MyD88) pathway in plasmacytoid dendritic 

cells (pDCs). A CpG-ODN induced TLR-9-MyD88 signaling in DC was reported by Alberca 

et al. [15] to inhibit Th2 immunity and allergic sensitization in mice. 

 

Even though it was not predictable from the phenotypic changes of the primed 

moDCs or their cytokine release, consistently, the DC-T-cell assay indicated CpG-ODN A 

NP (at a dose of 0.4 μg/mL encapsulated CpG) primed moDCs, skewed away from Th2 

polarization by enhancing the ratios of Th1/Th2 and Treg/Th2. This change in function 

of moDC was only significantly induced by CpG-ODN A NP, but not CpG-ODN B nor C 

albeit a similar pattern was shown. This enhanced Th1/Th2 and Treg/Th2 ratio is 

consistent with our in vivo finding using antigen and CpG-ODN co-encapsulated PLGA 

NP [33]. Considering the dose-dependent immunomodulatory effect of CpG [71], 

additional studies are needed to further elucidate the immunostimulatory properties 

of CpG loaded NPs. 

 

The primed moDCs may modify the T-cells phenotype via secretion of mediators 

and their expression of costimulatory molecules thereby shaping the outcome of 

immune polarization. Empty NP-primed moDCs lowered the frequency of Th17 subset 

ROR�+ cells as compared to the medium control in the DC-T-cell co-culture. This finding 

suggests that empty NP primed moDCs to skew away from Th17 development. Since 

Th17 cells can cause the development of inflammation and autoimmune diseases [72, 

73], the observed lowered frequency of Th17 cells by empty NP primed moDCs is 

therefore beneficial with respect to its safety profile. However, ROR� is not only a 

marker for T helper 17 cells (Th17), in CD4+ cells it can also be expressed by Treg [74, 

75]; thus further investigation is required to support this hypothesis. 

 

Noteworthy, the DC-T-cell assay is an in vitro allogeneic model devoid of other 

relevant immune cells, such as resting B-cells [76] and pDCs [76], which also express 

TLR-9 and play a pivotal role in mediating humoral responses, effector T-cells immune 

response and tolerance induction [77]. Therefore, B-cells and pDC need to be included 

for investigation of the immunostimulatory effects of the different classes of CpG-ODN 

loaded NP in future studies. Also, DC-T-cell modifying effects of PLGA NP co-

encapsulating CpG-ODN plus antigen should be studied, which could include T cells of 
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allergic patients to allow for allergen specific autologous DC/T-cell interaction. In 

conclusion, the findings suggest that priming of moDCs with CpG-ODN A NP is most 

effective in skewing away from Th2 polarization as shown in the allogeneic DC-T-cell 

assay. These preliminary results have shed light onto the immunomodulatory effect of 

CpG loaded PLGA nanoparticles on the function of DC. 
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Supporting Figures 

Supplemental Figure 1. Analysis of T helper 1 (Th1-), T helper 2 (Th2-) and regulatory T (Treg-) associated cytokines 
production in the DC-T-cell co-cultures. After 5-day co-culture of naïve CD4+ T-cells with the 48 h-primed moDCs, 
Th1-associated IFN-� (A), Th2-associated IL-13 (B) and Treg-associated IL-10 (C) cytokines were measured in the 
supernatant collected from the DC-T-cell co-cultures. Data are presented as mean ± SEM, n = 3 different DC-T-cell 
co-cultures with allogeneic combinations using 2 independent naïve CD4+ T-cells donors and 2 independent moDC 
donors; *p<0.05, **p<0.01, ***p<0.001; DC1: LPS primed moDCs; DC2: DC2-inducing mixture primed moDCs. 
 

Supplemental Figure 2. Representative gating plots of primed moDCs including median fluorescence intensity 
(MFI). The day 7 human immature monocytes derived dendritic cells (immature moDCs) were primed with either 
medium, DC1-inducing LPS, DC2-inducing mixture, empty NP and PLGA NPs loaded with class A-, B- or C- CpG-ODN 
encapsulated for 48 h at 37 ℃. 
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Supplemental Figure 3. Representative gating plots of Th1-, Th2- and CD69+ T-cells subsets from the DC-T cell co-
cultures. After 5-day co-culture of naïve CD4+ T-cells with the 48 h-primed moDCs, the cells were collected and 
analyzed with flow cytometry. The DC2 and T-cells co-culture was used for demonstration of the gating strategy. 
 

 
Supplemental Figure 4. Representative gating plots of regulatory T-cells (Treg), T helper 17 (Th17) subsets from 
the DC-T cell co-cultures. After 5-day co-culture of naïve CD4+ T-cells with the 48 h-primed moDCs, the cells were 
collected and analyzed with flow cytometry for CD25+FoxP3+ Treg and ROR�+ Th17 subsets of CD4+ T-cells. The 
medium primed moDCs and T-cells co-culture was used for demonstration of the gating strategy. 
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Summary 
This thesis presents the results of the investigation of poly(lactic-co-glycolic acid) 

PLGA nanoparticles (NP) loaded with BLG-peptides with or without co-loaded synthetic 

CpG-ODN as oral delivery system for allergen-specific tolerance induction in mice. To 

get mechanistic insights into the observed findings, the intracellular fate and 

immunomodulatory effects of these PLGA NPs were investigated in vitro. In this chapter, 

the major outcomes of this thesis are summarized and their implications, relevance and 

suggested directions for further research are discussed. 

 

In Chapter 1, the management guidelines and current progress in prevention 

approaches for the development of early life cow’s milk allergy (CMA) are discussed. 

Early life introduction of allergen/antigen provides a window of opportunity for oral 

tolerance induction. In this regard, advantages of PLGA NP based oral delivery of 

antigens in presence or absence of CpG-ODN in triggering allergen-specific tolerance 

are underlined. Previous dissertations of our department investigated the successful 

possibility to induce oral tolerance using a cocktail of BLG-peptides, either in their free 

form [1] or separately loaded in PLGA NPs [2]. To investigate tolerance induction using 

less BLG-peptides, in Chapter 2, two BLG-peptides (of 18 amino acids, 18-AA) were 

selected for separate encapsulation in PLGA NPs using a double emulsion solvent 

evaporation technique. The CMA prevention outcomes of these orally administered 

peptides loaded PLGA NPs, were investigated in a whey-protein induced murine model 

for CMA. In vivo, pretreatment of 3-week-old female C3H/HeOuJ mice with high-dose 

(160 μg encapsulated BLG-peptides), but not low-dose (80 μg encapsulated BLG-

peptides) nor empty NP plus 160 μg free BLG-peptides-mix, protected the mice from 

anaphylaxis and lowered the acute allergic skin response upon intradermal whey 

challenge compared to sham-pretreated whey-sensitized mice. The high-dose BLG-

peptides/NPs-pretreatment, but not the low dose pre-treatment, inhibited ex vivo 

whey-stimulated pro-inflammatory cytokine TNF-α release by splenocytes as compared 

to the free BLG-peptides-mix or empty NP plus BLG-peptides-mix whey-sensitized 

recipients. 

 

Improved hygiene conditions and loss of microbial diversity are associated with 

increased risk of allergy development that is mediated by a Th2 predominant immune 

response. In this respect, bacterial CpG DNA is known to drive Th1 and regulatory T-cell 

(Treg) development via Toll-Like-Receptor 9 (TLR-9) signaling, skewing away from the 

allergic Th2 phenotype. Chapter 3 describes co-encapsulation of one selected β-
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lactoglobulin derived peptide (BLG-Pep, AASDISLLDAQSAPLRVY) and TLR-9 ligand class 

B-CpG-ODN in PLGA NP using a double emulsion solvent evaporation technique. In this 

chapter, CMA prevention outcomes of different oral pretreatments were investigated 

in the whey-induced CMA murine model. In this experiment the mice were housed in 

individually ventilated cages simulating a strict hygienic environment. The pretreatment 

with co-encapsulated BLG-Pep+CpG/NP, but not with BLG-Pep/NP, CpG/NP or the 

mixture of BLG-Pep/NP plus CpG/NP, prevented both the whey-induced acute allergic 

skin response and the rise in serum BLG-specific IgE compared to sham-pretreated 

whey-sensitized mice. Importantly, pretreatment with co-encapsulated BLG-

Pep+CpG/NP reduced dendritic cells (DCs) activation and lowered the frequencies of 

PD-L1+ DCs in the mesenteric lymph nodes compared to whey-sensitized mice. 

Conversely pretreatment with co-encapsulated BLG-Pep+CpG/NP increased the 

frequency of splenic PD-L1+ DCs compared to the separately encapsulated BLG-Pep/NP 

plus CpG/NP recipients. This was associated with the lower Th2 frequency and 

increased Treg/Th2 and Th1/Th2 ratios in the spleen of the co-encapsulated BLG-

Pep+CpG/NP recipients as compared to the whey-sensitized mice. Oral administration 

of co-encapsulated BLG-Pep+CpG/NP prevented rise in serum BLG-specific IgE and 

development of whey-allergic symptoms while lowering splenic Th2 cell frequency in 

these mice. 

 

Despite DCs play a pivotal role in mediating peripheral tolerance via sampling 

particulate (i.e., antigen loaded PLGA NP) and antigen presentation, the mechanism(s) 

responsible for the interaction of the peptide loaded PLGA nanoparticles with DCs and 

their intracellular fate is/are elusive. In Chapter 4, Förster Resonance Energy Transfer 

(FRET), a distance-dependent non-radioactive energy transfer process mediated from a 

donor to an acceptor fluorochrome, was exploited to investigate these processes. Ratio 

of donor (Cyanine-3) conjugated peptide and acceptor (Cyanine-5) labeled PLGA in the 

prepared nanocarrier was fine-tuned for optimal FRET efficiency. The colloidal stability 

and FRET emission of prepared NPs were maintained upon 144 h-incubation in 

phosphate buffered saline and 6 h-incubation in biorelevant simulated gastric fluid at 

37 ℃. Real-time tracking of the peptide loaded PLGA nanoparticles and peptide release 

from the internalized nanoparticles in DCs were monitored from the change in the FRET 

signal. This confirmed their internalization and prolonged retention of the PLGA 

nanoparticles encapsulated peptide as compared to the free peptide in the DCs. 
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As shown in Chapter 3, orally administered PLGA NP co-encapsulating BLG-Pep and 

class B CpG-ODN gave rise to phenotypic changes on DCs as compared to the sham-

pretreated whey-sensitized mice. Nevertheless, neither the immunostimulatory effect 

of class B-CpG-ODN encapsulated PLGA nanoparticles on DCs nor differences in efficacy 

between class A-, B- or C- CpG-ODN encapsulated in PLGA NPs (CpG/NPs) is known. In 

Chapter 5, we describe preparation of empty and class A-, B- or C- CpG-ODNs 

encapsulated PLGA NPs using a double emulsion solvent evaporation method. These 

NPs showed similar mean NP size of ~250-290 nm, zeta potential of -1 mV and 

encapsulation efficiency of 50-65%. In vitro, as maturation controls, human immature 

monocytes derived DCs (moDCs) were incubated using LPS to induce DC1 which drive 

naïve T-cell differentiation towards Th1 cells and a cytokine mixture for 48 h to induce 

DC2 which drive Th2 cells differentiation. In addition, the immature moDCs were 

exposed to empty NP or CpG-ODN A, B or C loaded NPs. The phenotype of primed 

moDCs was characterized by analyzing maturation markers expression of CD80, CD86 

and/or Programmed Death Ligand-1 (PD-L1). Incubation of immature moDCs with 

empty NPs, also with DC1- and DC2- maturation controls, resulted in the upregulated 

expression of the mentioned markers on these moDCs, indicating maturation of these 

cells. Furthermore, costimulatory expression of CD80, CD86 and PD-L1 on CpG/NPs 

exposed moDCs was similar to empty NP exposed DC. Intriguingly, when co-cultured 

with naïve CD4+ T-cells, class A-CpG NP primed moDCs increased the ratios of Th1/Th2 

(CXCR3+/CRTH2+) and the Treg/Th2 (CD25+FoxP3+/CRTH2+) as compared to empty NP 

primed DC. This indicates that class A-CpG NP primed moDCs skew T-cell polarization 

away from Th2 development. 

 

Finally, the findings from Chapter 2 to 5 are summarized and illustrated in the 

Summarizing figure below. 
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Summarizing figure. 

An overview of the implicated mechanisms of the poly(lactic-co-glycolic acid) PLGA 

nanoparticles-based pretreatments described in this thesis. In vitro, PLGA nanoparticles 

protect the encapsulated peptide cargo against digestion in simulated gastric fluid for 

up to 6 h. This substantiates an enhanced chance of the encapsulated peptide to be 

internalized by intestinal DC. In addition, the PLGA nanoparticles prolonged the 

retention time of the internalized and loaded peptide cargo to 96 h as compared to the 

non-encapsulated peptide (24 h) in murine DC2.4. Besides the physical protection and 

prolonged retention time of the cargo in DC, in vitro, empty PLGA nanoparticles 

increased Th1- (IL-12p70) and Treg- (IL-10) associated cytokine release by human 

moDCs or induced moDCs maturation as shown by increased expression of co-

stimulatory molecules. In particular, CpG-A loaded NP primed moDCs enhanced the 

ratios of Treg/Th2 and Th1/Th2 thus skewing away from the Th2 allergic phenotype. 

 

In vivo, oral pre-exposure to BLG-Pep/NPs protected the mice against whey-

sensitizations and acute allergic skin response toward intradermal challenge with whole 

whey protein. In addition, the ex vivo whey-restimulation recalled a significant lower 

level of TNF-α and relative low levels of IFN-�, IL-13, and IL-10 by the splenocytes in BLG-

Pep/NPs recipients as compared to the whey-allergic mice. This whey-specific systemic 

silencing induced by pre-exposure to BLG-Pep/NPs might have contributed to the 

inhibited development of whey-induced allergy. 

 



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 157PDF page: 157PDF page: 157PDF page: 157

Summary And Perspectives 
 

157 | P a g e  
 

Influence of standard housing in open cages and individual ventilated cages (IVC) 

on the commensal gut bacteria remains to be clarified. Despite that, co-encapsulation 

of CpG as immune adjuvant and a selected model BLG-peptide in PLGA nanoparticles 

(BLG-Pep+CpG/NP), but not an equivalent dose of CpG/NPs or BLG-Pep/NP alone or as 

a mixture, lowered expression of co-stimulatory molecules CD80/CD86 and PD-L1 on 

MLN DC as compared to the whey-allergic mice. Concomitantly, co-encapsulated BLG-

Pep+CpG/NP increased expression of PD-L1 on splenic DC and regulatory T-cells. In 

addition, ex vivo whey-restimulation of splenocytes recalled a lower secretion of IFN-� 

and higher ratio of IL-10/IFN-� in co-encapsulated BLG-Pep+CpG/NP recipients as 

compared to the whey-allergic mice. 

 

Perspectives 

In Chapter 2, the two synthetic BLG-peptides (referred as peptide 3 and 4) of 18-

AA length (with an overlapping sequence of 12-AA) were encapsulated separately in 

PLGA NP. The NP were optimized in terms of a smaller size (280 nm vs 320 nm in the 

previous study [3]), higher encapsulation efficiency of peptide 3 (78% vs 30% [3]) and 

absent burst release of the two encapsulated peptides in the in vitro release assay. The 

observed absence of burst release of BLG-p eptide might be attributed to sufficient 

washing procedures and/or absence of porosity in the lyophilized peptide-NPs. The 

slightly smaller NP size might facilitate a better penetration through the mucus as well 

as better cellular uptake by intestinal M-cells or enterocytes [4, 5]. Lowering the size of 

the NP is certainly possible but this is associated with a lower encapsulation efficiency 

of the peptides [6]. Therefore, we selected PLGA NPs with a mean NP size between 250-

290 nm for dosing the mice in the preclinical study in Chapter 2 and 3. PLGA NP of 300 

nm or less are ideal for oral delivery since they have a good loading capacity and tend 

to be taken up by enterocytes and M-cells in the small intestine [4, 5, 7]. Hence, PLGA 

NP of the size of 250-290 nm [8-10], with a narrow size distribution and with a neutral 

surface charge [11] are preferred for crossing the mucus, and to subsequently being 

taken up by the M-cells and possibly also by the intestinal DCs. In the Peyer’s Patches 

(PP) beneath M-cells, DCs can internalize the peptide loaded NP as well and instruct T-

cell development. In the meanwhile, these DCs also migrate to the mesenteric lymph 

nodes (MLN) and instruct T-cells. In case of active tolerance induction, the induced 

Tregs in MLN will traffic via the bloodstream and home back to the intestine, while they 

can also convert oral tolerance systemically [12, 13]. 

 



606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu606647-L-bw-Liu
Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023Processed on: 24-8-2023 PDF page: 158PDF page: 158PDF page: 158PDF page: 158

CHAPTER SIX 
 
 

158 | P a g e  
 

In Chapter 2, 3-4-week-old female C3H/HeOuJ mice were chosen to investigate the 

oral tolerance induction using PLGA NP encapsulating the selected BLG-peptides[14]. 

The mice were given 6-daily oral-pretreatments prior to 5-consecutive-weekly-

sensitizations to whole whey protein. As a portal of entry into the intestinal immunity 

[15], microfold cells (M-cells), already matured and reached adult levels before 2-3-

week of age in mice [16]. It is known that nanoparticles can get access via the M-cells 

to the Peyer’s Patches (PP) of the GALT where uptake and peptide presentation by the 

DC is facilitated, which in turn can instruct T-cell development in the PP or mesenteric 

lymph nodes (MLN) [16, 17]. The developed T-cells migrate from MLN to the systemic 

bloodstream and due to imprinted homing markers they will travel back to the lamina 

propria [12]. Noteworthy, during the neonatal period, the immature gut barrier [18] 

may facilitate delivery of the peptide loaded PLGA NP to the intestinal immune system. 

In the meanwhile, recruitment of T-cells to the neonatal mucosa [19, 20] and 

microbiome maturation [21] further contribute to development of regulatory T-cells 

(Treg) and establishment of oral tolerance [18]. In support of this notion, we observed 

that early pre-exposures to the peptide loaded PLGA NP [14] protected the mice from 

development of whey-induced allergy. In addition, Chapter 2 demonstrated that oral 

pre-exposure to NP loaded with the two selected BLG-peptides, but not equivalent 

doses of the free peptides, protected the recipients from acute allergic skin response 

upon intradermal whey-challenge in a dose-dependent manner. Despite the underlying 

mechanism remains elusive, this observed preventive effect may be associated with 

systemic immune silencing for whole whey protein since a reduced allergen specific pro-

inflammatory cytokine TNF-α production upon ex vivo whey-stimulation was observed. 

This may be achieved if the two selected-peptides contain immunodominant epitopes 

of the whole whey protein, when processed and subsequently presented by DC in the 

MHCII groove for recognition by T-cells. Despite no effect was found in the frequency 

of Th1, Th2, Th17 and Treg in the spleen, Chapter 2 demonstrated that BLG-

peptides/NPs pretreatment significantly reduced the whey-stimulated TNF-α release in 

a dose-dependent manner, since it was not effective in the low dose group. Previous 

studies suggested that TNF-α is predominantly associated with Th1-mediated 

inflammation [22], but it also plays a pivotal role in upregulation of Th2-polarizing 

cytokine release and antigen-specific IgE levels [23, 24]. Thus, the silencing of ex vivo 

whey-stimulated TNF-α release by splenocytes, which models silencing of the systemic 

immune response for whey protein, might associate with the observed reduction in 

acute allergic skin response among the BLG-peptides/NPs recipient mice. 
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To further enhance the tolerogenic capacity of the PLGA NP loaded with BLG-

peptides, in Chapter 3 we investigated the oral tolerogenic and/or immune maturation 

capacity of the NPs by co-encapsulating a model BLG-peptide with CpG-ODN in the 

prophylatic murine CMA model. Previously reported approaches for codelivery of an 

antigen and CpG-ODN using PLGA carriers implemented the cationic lipid dioleoyl-3-

trimethylammonium propane (DOTAP) [25] or protamine [26] in the preparation of the 

formulation. However, these are then also co-loaded in the obtained NPs. DOTAP 

functions as a Toll-like receptor 4 (TLR-4) agonist and therefore most likely interferes 

with the tolerance induction outcome. To preclude the influences from DOTAP and 

additional protein protamine, in Chapter 3, we prepared well-defined PLGA 

nanoparticles co-loaded with CpG-ODN and the selected peptide using a double 

emulsion solvent evaporation method. This enables proper comparison of the 

pretreatment using co-encapsulated BLG-Pep+CpG/NP and separately encapsulated 

BLG-Pep/NP and CpG/NP of the same dose, in prevention of CMA development in vivo. 

Only co-encapsulated BLG-Pep+CpG/NP, but not the mixture of PLGA NP, effectively 

attenuated the acute allergic skin reactivity to whole whey protein as compared to the 

whey-sensitized mice. Previous studies have reported that the intestinal uptake and 

lymphatic transport of orally delivered nanoparticles are dependent on the 

physicochemical properties of NP in terms of surface charge, particle size and dosage 

[27-29]. As described in Chapter 3, PLGA NP without or with encapsulation of BLG-Pep 

and/or CpG displayed similar size and surface charge, which implicated similar mucus 

penetration and cellular uptake of these nanoparticles after oral administration. BLG-

peptide loaded PLGA nanoparticles can be endocytosed by DC into phagosomes [30], 

followed by endosomal degradation of the carrier and loaded/released peptide for 

presentation via MHCII proteins [31]. Of note, TLR-9 and MHCII are also present in the 

endo-lysosomal compartments of plasmacytoid DC [32, 33], which enable binding of co-

encapsulated CpG-ODN to TLR-9 and activating TLR-9 signaling. Thus, simultaneous 

internalization and intracellular release of CpG-ODN and BLG-Pep from the internalized 

PLGA NPs in the endolysosomes of DC may facilitate simultaneous activation of TLR-9 

signaling as well as antigen-presentation via MHCII in the same DC. Previously, Heit et 

al. [34] indeed reported that PLGA microspheres co-encapsulating an antigen and CpG-

ODN were phagocytosed into murine DC phago-endosomal compartments, followed by 

antigen degradation and concomitant activation of endosomal TLR. In the same study 

it was also reported that only antigen plus CpG co-encapsulated PLGA microspheres, 

but not empty or antigen encapsulated microparticles [34], induced secretion of large 
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amounts of IL-12 and IL-6 by DC and full DC maturation in vitro. Nevertheless, future 

studies warrant to verify the immunomodulatory effect that PLGA NP loaded with both 

the BLG-peptides and CpG-ODN exert on DC.  

 

The pretreatment with NP loaded with both peptide and CpG prevented increase in 

BLG-specific IgE concentrations, which would lower BLG-specific IgE-bound Fc receptor 

(FcϵRI) on mast cells and basophils and subsequent allergic reactions upon whey 

challenge. Nevertheless, in Chapter 3, this pretreatment did not alter whey- or BLG-

specific IgG1 and IgG2a levels. Although the underlying mechanism via which IgG 

antibodies mediate to promote or inhibit IgE-dependent allergic reactions remains 

elusive [35], many recent studies have also shown a positive correlation between 

natural resolution of food allergies and elevated food-specific IgG levels in both murine 

and human subjects [36, 37]. The IgG antibodies can bind to inhibitory IgG Fc receptors 

(Fc�RIIb), that are also expressed on the mast cells and basophils, and thus suppress 

IgE-mediated allergic reactions via the inhibitory signaling upon allergen crosslinking 

[37]. In support of this notion, Srivastava et al. [38] reported that orally administered 

PLGA NP loaded with a peanut extract to peanut allergic mice increased peanut-specific 

Th1-associated IgG2a while reducing peanut-specific IgE, Th2-ssociated IgG1 levels and 

IL-13 release. Indeed, we found in Chapter 3 that pretreatment with co-encapsulated 

BLG-Pep+CpG/NP lowered Th2 development and increased Treg/Th2 and Th1/Th2 

ratios in the spleen, but it did not influence ex vivo BLG- or whey-stimulated Th2-

associated IL-13 or Treg-associated IL-10 release by the splenocytes. 

 

In Chapters 3 it is shown that the PLGA NP loaded with the BLG-peptide do not fully 

protect the allergic effect of whey protein. On the other hand, Srivastava et al. [38] 

showed that PLGA NP loaded with a full protein extract gave full protection against 

peanut allergy. NP encapsulation of the whole protein would circumvent its digestion 

in the gastro-intestinal tract; however, this will lead to exposure of unprocessed whole 

proteins to mucosal DC, which in turn may lead to the further unwanted development 

of allergies and elicitation of symptoms. Our strategy is much more controlled than 

encapsulation of peanut extract as allergen [38] since the exact peptide sequence is 

known. Small peptides enhance chances of natural tolerance development with limited 
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risk on side effects as the peptides cannot provoke effector cell degranulation. 

Therefore, although it is now tested in a preventive setting, it may also be considered 

for already allergic infants. Also, from a pharmaceutical and regulatory point of view, 

encapsulation of a peptide with a known structure is preferred above the entrapment 

of a poorly characterized protein extract which potentially shows large batch-to batch 

variations. 

 

As described in Chapter 3, we used only one small BLG peptide of 18-AA for 

pretreatment, while the BLG protein consists of 162-AA and possesses multiple T-cell 

epitopes [39]. In addition, NP encapsulation of the whole protein would circumvent its 

digestion in the gastro-intestinal tract. However, this will lead to exposure of 

unprocessed whole proteins to mucosal DC, which in turn may lead to the further 

unwanted development of allergies and elicitation of symptoms. Furthermore, the 

developed peptide-NP formulations can be further improved. Considering the previous 

findings, we speculate that acquisition of full allergen-specific tolerance might require 

delivery of broader panel of T-cell epitopes containing peptides for recognition by T-

cells from the target allergen. Hence, in future studies, beyond an additional peptide 

sequence containing another T-cell epitope from the BLG protein[40], peptides from α-

lactalbumin may be included in the current regime. 

 

The effective dose of only 160 μg encapsulated BLG-peptides (referred as peptide 

3 or 4 in Chapter 2) is very small as compared to the 4 mg dose of the same soluble 

peptides as reported in the study by Meulenbroek et al. [40]. Therefore, in Chapter 4, 

we further investigate how PLGA NP loaded with the peptide are distributed after entry 

into DC, and their intracellular fate was studied using a FRET pair NP. The donor dye was 

covalently coupled to the peptide whereas the acceptor was coupled to PLGA. 

Intriguingly, it was found that the FRET signal of the dually labeled NP remained stable 

upon 6 h-incubation in the biorelevant fasted-state simulated gastric fluid (pH 1.6). 

Considering the gastric retention time is about 2 h in mice and human [41, 42], this 

observation demonstrates sufficient stability of the PLGA NP for protecting the peptide 

cargo against the gastric ingestion prior to uptake by the intestinal dendritic cells. In 

addition, Chapter 4 also demonstrates, using confocal fluorescence microscopy, highly 

efficient internalization of PLGA NP encapsulated Pep-Cy3 by human immature moDCs. 

On top of that, we observed a prolonged retention of the peptide PLGA NP (96 h) as 

compared to the free Pep-Cy3 (24 h) in  murine DC2.4. In line with our finding, 

Waeckerle-Men et al. [43] reported that peptides loaded in PLGA microspheres 
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remarkedly prolonged its availability within DCs and enhanced antigen-presentation 

capacities as compared to soluble peptides internalized by DCs. These findings suggest 

that encapsulation of antigen into PLGA NP does not only protect the encapsulated 

antigen from proteolytic degradation in biorelevant simulated gastric fluid, but it also 

prolongs its retention in DC. The latter is known to favor long-term T-cell responses [44], 

which is important to develop persistent oral tolerance induction. 

 

To further increase the chances of full tolerance induction for whole whey protein, 

CpG-ODN as Th1 and regulatory T-cell (Treg) adjuvant, can be co-encapsulated with 

antigen to skew away from the allergic Th2 phenotype. In Chapter 3, the observed 

protective effect PLGA NP loaded with both class B CpG-ODN and BLG-peptide against 

acute allergic symptoms to whole whey protein in C3H/HeOuJ mice might be associated 

with inhibition of generic Th2 immunity and the enhanced systemic ratios of Th1/Th2 

and Treg/Th2. However, the underlying mechanism is not fully understood yet and 

therefore requires further investigation. Importantly, CpG-ODN was reported to 

mediate TLR-9-signalling via the MyD88- (low dose) or the TRIF- (high dose) pathway in 

a dose-dependent manner [45]. In line with our finding, Diwan et al.[46] reported that 

CpG-ODN and tetanus toxoid co-encapsulated in PLGA NP skewed Th1 immune 

response away from Th2 immune response. In an earlier study, Kline et al. [47] reported 

that systemic administered CpG-ODN reduced Th2-associated cytokines production 

without affecting Th1 cytokines in a murine asthma model. More recently, Alberca et 

al. [48] reported that subcutaneously administered CpG at a dose of 0.45 mg/kg, 

inhibited Th2 allergic immunity via TLR-9-MyD88-expressing DC. Hence, it is likely that 

the co-encapsulated class B CpG-ODN indeed reduced Th2 cells development via its 

immunomodulatory effect on DC. In an earlier study, Kitagaki et al. [49] reported that 

orally administered CpG-ODN at a dose of 4.5 mg/kg suppressed antigen-induced 

asthma in mice. In Chapter 3, a much lower dose of 3 μg encapsulated CpG-ODN, 

namely 0.23 mg/kg per dose (body weight of approximate 13 g per 3-4-week-old 

mouse), was administered orally for tolerance induction in mice. However, it is not 

known whether the orally administered 3 μg co-encapsulated class B CpG-ODN in PLGA 

nanoparticles activated signaling via the MyD88 pathway or the TRIF pathway. 

Noteworthy, there is a therapeutic dose window for CpG-ODN as an adjuvant in 

immunotherapy, and toxicity was observed in mice that received a consecutive daily 

injection of CpG-ODN in a dose higher than 2.4 mg/kg [50]. Despite the influence from 

different administration routes for CpG-ODN remains unclear [45], bioavailability is by 
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definition 100% after intravenous administration, which is always higher or at best 

equal to that of oral administration. In this regard, notwithstanding the improved 

bioavailability of conferred by the PLGA NP encapsulation, a dose of 0.23 mg/kg 

encapsulated CpG-ODN administered by oral route in Chapter 3 to the mice is low and 

safe. In light of the therapeutic dose window, the dose-related immunomodulatory 

effect of CpG-ODN warrants further investigation. 

 

To investigate the immunomodulatory effect of blank PLGA NP or PLGA NP 

encapsulated with BLG-peptides or CpG-ODN exerts on human moDC in vitro, cytokine 

production and surface expression of activation markers by human moDC were 

determined. Human immature moDCs incubated with empty PLGA NP secrete higher 

levels of Th1-associated cytokine IL-12p70 (for 24 h in Chapter 2 and for 48 h in Chapter 

5) and Treg-associated cytokine IL-10 (in Chapter 2) as compared to the medium control. 

Moreover, in Chapter 2 exposure with empty NP did not influence surface expression 

of the co-stimulatory molecules CD80 and CD86, which suggests an immature moDC 

phenotype. The CD80low/CD86low human immature dendritic cells are regarded as a 

prerequisite for tolerance induction via promoting differentiation of naïve T-cells into 

Treg cells after repetitive stimulation under steady conditions [51-53]. In Chapter 5, 

however, 48 h-incubation with empty NP did enhance surface expression of the co-

stimulatory molecules CD80, CD86 and PD-L1 on human moDC as compared to the 

medium control. Alternatively, the formed protein corona on the hydrophobic surface 

of the PLGA NP may act as a danger signal, also known as nanoparticles’ associated 

molecular patterns (NAMPs) [54-56]. In support of this notion, Barillet et al. [57] 

reported that stimulation of human moDCs in vitro with empty NP enhanced surface 

expression of the costimulatory molecules CD80, CD86 and PD-L1, in the absence of 

endotoxin. Indeed, PLGA NP have been shown to possess Th1 polarizing capacity 

themselves [58, 59]. 

 

There are three major classes (A, B and C) of synthetic CpG-ODN, which are 

classified according to their sequence motifs and secondary and tertiary structures [60, 

61]. Their different capacities to induce IFN-α secretion and pDCs maturation [62, 63] 

are endowed by their structural differences, which result in their different 

compartmentalization of TLR-9 induced signaling cascades. However, after incubation 

of moDC in vitro with the different CpG-ODN encapsulated in PLGA NPs no effect on 

surface expression of CD80, CD86 and PD-L1was found. This might be attributed to the 

low dose of CpG-ODN (0.4 μg/mL encapsulated CpG) which was much lower than the 
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effective dose of 5 μg/mL CpG used in human DCs cultures in which PD-L1 expression 

was increased as reported by Jaehn et al. [64]. Thus, further investigation is required to 

clarify the dose-related immunomodulatory effect of the different classes CpG-ODN 

loaded in PLGA NPs. 

 

As demonstrated in Chapter 5, only class A CpG-ODN loaded in NP primed moDCs 

skewed T-cell differentiation away from Th2 as indicated by the increased ratios of 

Th1/Th2 and Treg/Th2. This is in line with our in vivo finding in Chapter 3, which showed 

that pretreatment of 3-4-week-old mice with PLGA NP loaded with both BLG-peptide 

and CpG-ODN inhibited the development of Th2 immune response in spleen. Therefore, 

it is likely that the orally administered NP encapsulated CpG were internalized by 

intestinal DC and primed the DC for synergistic antigen presentation to naïve T-cells and 

T-cell polarization away from Th2 immune response. Future studies are therefore 

warranted to further investigate the interplay between DC-T-cells upon exposure to 

different classes of CpG loaded in PLGA NP. In addition, also effects on B-cells may be 

studied as in particular class B CpG is known to instruct B-cells to produce regulatory 

type IL-10 [65, 66] which may also impact the outcome of the DC-T-cell response and 

contribute to oral tolerance induction in vivo. 

 

Overall Conclusion 

This thesis demonstrates the hypothesis that PLGA nanoparticles improved the 

stability of the encapsulated peptide cargo in the gastrointestinal lumen and retention 

in intestinal DC upon internalization. Indeed, we observed a dose-dependent effect of 

only 160 μg BLG-peptides encapsulated in PLGA nanoparticles to protect mice 

recipients against CMA upon whey-sensitizations. This lowered allergic symptoms as 

shown by a reduced acute allergic skin response which was associated with a systemic 

silencing of ex vivo whey-stimulated TNF-α release by splenocytes. More importantly, 

this thesis highlights the superior tolerogenic effect of orally administered PLGA 

nanoparticles co-loaded with T-cell epitopes containing peptide and a CpG adjuvant as 

compared to the separately encapsulated peptide and CpG counterpart. This was 

associated with the observed reduction in splenic Th2 frequency and increased 

Treg/Th2 and Th1/Th2 ratios. Furthermore, in the in vitro DC-T-cell coculture assay, the 

immature moDCs primed with CpG-ODN loaded PLGA NP also effectively increased the 

ratios of Treg/Th2 and Th1/Th2. This finding supports the hypothesis that the co-

encapsulated CpG-ODN facilitates the inhibition of Th2 immunity also in vivo. In 
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conclusion, our findings substantiate the translational potential of PLGA nanoparticles 

in which T-cell epitopes containing peptides are encapsulated for future development 

of effective and safe strategies for early life CMA prevention (i.e., supplementing 

hydrolyzed formula milk for infants at risk). In addition, besides BLG-peptides also CpG-

ODN motives, which may include bacterial DNA of selected bacterial strains, can be co-

loaded in the PLGA NP to increase the efficacy of the formulations in oral tolerance 

induction. This strategy may be further developed as a modality to treat cow’s milk 

allergy for example as adjunct treatment for allergen specific oral immunotherapy. 
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Nederlandse Samenvatting 

Dit proefschrift presenteert de resultaten van het onderzoek naar poly(melkzuur-

co-glycolzuur) nanodeeltjes (PLGA NP) beladen met beta-lactoglobuline (BLG)-peptiden 

met of zonder synthetische CpG-oligodeoxynucleotides (CpG-ODN), als oraal 

toedieningssysteem voor allergeenspecifieke tolerantie-inductie bij muizen ter 

preventie van koemelkallergie (KMA). Om mechanistisch inzicht te krijgen in de 

waarnemingen, werden de intracellulaire verwerking en de immunomodulerende 

effecten van deze PLGA NP's in vitro onderzocht. In dit hoofdstuk worden de 

belangrijkste uitkomsten van dit proefschrift samengevat. 

 

In hoofdstuk 1 worden de managementrichtlijnen en de huidige vooruitgang in de 

preventie van KMA voor jonge kinderen besproken. Introductie van allergeen/antigeen 

in het vroege leven biedt een kans voor inductie van orale tolerantie. Beta-

lactoglobuline (BLG) is een van de belnagrijkste allergenen in koemelkeiwit wei. Korte 

peptides uit de aminozuursequentie hiervan (BLG peptides) bleken in eerder onderzoek 

geschikt voor het induceren van orale tolerantie waardoor het ontwikkelen van 

koemelkallergie, in muizen grotendeels werd verkomen. In dit verband worden in 

hoofdstuk 1 de voordelen onderstreept van orale toediening van antigenen met behulp 

van PLGA NP en de toevoeging van een immuunstimulerend adjuvant CpG-ODN, wat 

bacterieel DNA nabootst, bij het activeren van allergeenspecifieke tolerantie. Eerdere 

studies van onze afdeling onderzochten met succes de mogelijkheid om orale tolerantie 

te induceren met behulp van een cocktail van BLG-peptiden, hetzij in hun vrije vorm [1] 

of afzonderlijk geladen in PLGA NP's [2]. Om de mogelijkheid van tolerantie-inductie 

met minder verschillende BLG-peptiden te onderzoeken, werden in hoofdstuk 2 twee 

BLG-peptiden (van 18 aminozuren lengte) geselecteerd voor afzonderlijke inkapseling 

in PLGA NP's met behulp van een dubbele emulsie-solventverdampingstechniek. De 

KMA-preventie door middel van deze oraal toegediende, met peptiden beladen PLGA 

NP's werd onderzocht in een wei-eiwit geïnduceerd muizenmodel voor KMA. 

Voorbehandeling van drie weken oude vrouwelijke C3H/HeOuJ-muizen met hoge dosis 

(160 μg ingekapselde BLG-peptiden), maar niet met lage dosis (80 μg ingekapselde BLG-

peptiden) noch lege NP plus 160 μg vrije BLG-peptiden-mix, gaf muizen bescherming 

tegen anafylaxie en verlaagde de acute allergische huidrespons bij intradermale wei-

blootstelling in vergelijking met controle-voorbehandelde wei-gesensibiliseerde muizen. 

De hoge dosis BLG-peptiden/NPs-voorbehandeling, maar niet de lage dosis 

voorbehandeling, remde de ex vivo wei-gestimuleerde afgifte van pro-inflammatoir 
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cytokine TNF-α door splenocyten, ten opzicht van de vrije BLG-peptiden-mix of lege NP 

plus BLG-peptiden-mix voorbehandelde wei-gesensibiliseerde muizen. 

 

Verbeterde hygiënische omstandigheden en verlies van microbiële diversiteit zijn 

geassocieerd met een verhoogd risico op de ontwikkeling van allergieën die ontstaan 

door een overheersende immuunrespons van Thelper (Th)2 cellen. In dit opzicht is 

bekend dat bacterieel CpG-DNA de ontwikkeling van Th1 en regulerende T-cel (Treg) 

stimuleert via Toll-Like-Receptor 9 (TLR-9) signalering, hierdoor verschuift de balans 

weg van het allergische Th2-fenotype. Hoofdstuk 3 beschrijft de inkapseling van één 

geselecteerd peptide afgeleid van β-lactoglobuline (BLG-Pep, AASDISLLDAQSAPLRVY) 

samen met TLR-9 ligand klasse B-CpG-ODN in PLGA NP met behulp van een dubbele 

emulsie-solventverdampingstechniek. In dit hoofdstuk werd de KMA-preventie door 

verschillende orale voorbehandelingen onderzocht in het door wei geïnduceerde KMA-

muizenmodel. In dit experiment werden de muizen gehuisvest in individueel 

geventileerde kooien die een strikt hygiënische omgeving simuleerden. De 

voorbehandeling met co-ingekapselde BLG-Pep+CpG/NP, maar niet met BLG-Pep/NP, 

CpG/NP of het mengsel van BLG-Pep/NP plus CpG/NP, voorkwam zowel de door wei 

geïnduceerde acute allergische huidrespons als de stijging van BLG-specifiek serum-IgE 

in vergelijking met controle-voorbehandelde wei-gesensibiliseerde muizen. Belangrijk 

is dat voorbehandeling met co-ingekapselde BLG-Pep plus CpG/NP de activering van 

dendritische cellen (DC's) verminderde en de frequenties van PD-L1+ DC's in de 

mesenterische lymfeklieren verlaagde in vergelijking met wei-gevoelige muizen. 

Omgekeerd verhoogde de voorbehandeling met co-ingekapselde BLG-Pep+CpG/NP de 

frequentie van milt PD-L1+ DC's in vergelijking met de muizen die afzonderlijk 

ingekapselde BLG-Pep/NP plus CpG/NP ontvingen. Dit was geassocieerd met een lager 

percentage Th2-cellen en een verhoogde ratio Treg/Th2- en Th1/Th2 in de milt van de 

muizen die co-ingekapselde BLG-Pep plus CpG/NP-ontvingen als voorbehandeling voor 

de allergische sensibilisatie in vergelijking met controle-voorbehandelde wei-

gesensibiliseerde muizen. Orale toediening van co-ingekapselde BLG-Pep plus CpG/NP 

voorkwam stijging van BLG-specifiek serum-IgE en de ontwikkeling van wei-allergische 

symptomen, terwijl het percentage van Th2-cellen in de milt bij deze muizen werd 

verlaagd. 

 

DC’s spelen een cruciale rol bij het ontstaan van perifere tolerantie door middel 

van het fagocyteren en de intracellulaire verwerking van antigene deeltjes, waaronder 
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in dit geval de peptide beladen PLGA NP’s, wat leidt tot antigeenpresentatie. 

Dezemechanismen zijn verantwoordelijk voor de interactie van de peptidebeladen 

PLGA-nanodeeltjes met DC's, echter hun intracellulaire verwerking is onbekend. In 

hoofdstuk 4 werd de Förster Resonance Energy Transfer (FRET), een afstandsafhankelijk 

niet-radioactief energieoverdrachtsproces van een donor naar een acceptor 

fluorochroom, gebruikt om deze processen te onderzoeken. De verhouding van donor 

(Cyanine-3)-geconjugeerd peptide en acceptor (Cyanine-5)-gelabeld PLGA in de 

nanodeeltjes werd verfijnd voor optimale FRET-efficiëntie. De colloïdale stabiliteit en 

FRET-emissie van de NP's werden gehandhaafd bij 144 uurs incubatie in fosfaat-

gebufferde zoutoplossing en 6 uurs incubatie in biorelevante gesimuleerde 

maagvloeistof bij 37 °C. De peptidebeladen PLGA nanodeeltjes en peptideafgifte van de 

geïnternaliseerde nanodeeltjes in DC's werden real-time gemonitord met behulp van 

de verandering in het FRET-signaal. Dit bevestigde de internalisatie en langdurige 

retentie van het peptide in de DC's als het peptide in PLGA nanodeeltjes was 

ingekapseld ten opzicht van het vrije peptide. 

 

Zoals aangetoond in hoofdstuk 3, gaf oraal toegediend PLGA NP met ingekapseld 

BLG-Pep en klasse B CpG-ODN aanleiding tot fenotypische veranderingen op DC’s in de 

darm en milt van wei-gesensibiliseerde muizen in vergelijking met de controle-

voorbehandelde muizen. Niettemin is noch het immunostimulerende effect van klasse 

B-CpG-ODN beladen PLGA-nanodeeltjes op DC's, noch het verschil in effect tussen 

klasse A-, B- of C- CpG-ODN beladen PLGA NP's (CpG/NP's) op de functie van DC’s 

bekend. In hoofdstuk 5 beschrijven we de bereiding van lege en klasse A-, B- of C- CpG-

ODN's beladen PLGA NP's met behulp van de dubbele emulsie-

solventverdampingsmethode. Deze NP's vertoonden een vergelijkbare gemiddelde NP-

grootte van ca. 250-290 nm, zeta-potentiaal van -1 mV en inkapselingsefficiëntie van 

50-65%. Ongedifferentieerde monocyt-afgeleide DC's (moDC's)  werden blootgesteld 

aan lege NP’s of aan CpG-ODN A-, B- of C-geladen NP's. Het rijpingsproces van de 

moDC's werd vervolgens vergeleken met de rijping van moDC’s die geïncubeerd werden 

met LPS om een type DC1 te induceren, deze sturen naïeve T-celdifferentiatie naar Th1 

type cellen, of met een cytokinemengsel type DC2 te induceren die Th2-celdifferentiatie 

aanstuurt. Het fenotype van de geprimede moDC's werd vastgesteld aan de hand van 

expressie van de rijpingsmarkers CD80, CD86 en/of Programmed Death Ligand-1 (PD-

L1). Incubatie van ongedifferentieerde moDC's met lege NP's, alsmede de DC1- en DC2-

controles, resulteerde in expressietoename van de genoemde costimulatoire markers 
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op deze moDC's, wat wijst op rijping van deze cellen. Bovendien was de co-stimulatoire 

expressie van CD80, CD86 en PD-L1 op moDC’s die waren blootgesteld aan CpG/NP's 

vergelijkbaar met DC’s die waren blootgesteld aan lege NP. Intrigerend is dat wanneer 

ze samen met naïeve CD4+ T-cellen werden gekweekt, klasse A-CpG NP geprimede 

moDC's de verhoudingen van Th1/Th2 (CXCR3+/CRTH2+) en de Treg/Th2 

(CD25+FoxP3+/CRTH2+) verhoogden in vergelijking met lege NP geprimede DC’s. Dit 

geeft aan dat klasse A-CpG NP geprimede moDC's de T-celpolarisatie wegtrekt van Th2-

ontwikkeling.  
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